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The  preliminary  feaaibillty  sttidy  has  shown  that  of  every  known 
proven  drilling  method  and  many  untried  methods,  percussion  drilling 
will  he  the  most  suitable  for  Lunar  drilling,  >rtiere  the  weight  and 
space  requirements  are  limited  for  the  first  drill-equipped  Lunar  craft. 
While  diamond  drilling  shows  some  unreliability  in  tests  to  date,  some 
future  work  with  diamond  drilling  should  be  done  before  a  final  choice 
is  made.  The  choice  might  be  made  on  the  basis  of; 

(a)  the  drilling  mission, 

(b)  reliability  of  the  drilling  system, 

(c)  development  time  and  expense, 

(d)  value  of  Information  to  be  obta^ed  by  the  probe. 

Regarding  the  drilling  mission,  the  desired  end  result  might  be: 

(a)  to  produce  a  given  diameter  and  depth  of  hole, 

(b)  to  accumulate  sample  cuttings  ^*or  an/ilysis,  or 

(e)  to  drill  a  relatively  large  diameter  hole  Ijttto  which 
geological  Instruments  could  be  inserted. 

This  study  Indicates  that  the  raechaaieal  simplicity  of  the  rotary 
system  should  give  it  a  reliability  advantage  for  small  diameter 
(l/?  inch)  holes  which  are  less  than  5  feet  dser. ,  Conversely,  deeper 
holes  and  holes  of  BA**  to  4"  diameter  can  best  be  made  by  a  percussor. 
For  heavier  space  craft  of  the  future  where  deep  holes  larger  than  4* 
diameter  are  desirable,  it  Is  almost  certain  that  rotmx^f  drilling  with 
rolling  cutter  bits  will  have  many  advantages. 
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2.  Re  comae  nflat  Ions  for  A;3dltioMil  Work 


The  next  logical  step  lo  a  study  to  obtain  laore  exact  and  detailed 
infonnation  for  a  final  system  design.  It  should  be  emphasised  that 
this  second 'phase  of  the  study  will  be  planned  to  obtain  design 
Information  under  conditions  vhich  simulate  those  of  the  expected 
environment  and  mode  of  operation.  For  example,  the  following  steps 
would  be  Included  In  the  study  of  the  perciisoori 

(a)  Dependable  values  of  rock  properties  would  be  determined  for 
use  In  optimizing  the  percussor  design,  and  for  predicting 
the  total  energy  requirements  for  a  given  hole.  This  would 
require  hammer  drop  xests  and/or  actual  percussion  tool 
test  In  a  vacuum. 

(b)  Experimental  apparatus  would  be  built  to  simulate  the 
expected  percussor  blow  energy  and  cyclic  rate,  In  order 
to  determine  gas  requirements  for  chip  scstwnglng. 

(c)  Concurrently,  the  problem  of  seals,  bearings  and  lubricants 
for  use  in  the  expected  environment  would  be  investigated. 

(d)  Finally,  the  information  resulting  from  stops  (a),  (b),  and 
(c)  would  be  used  to  size  the  overall  system. 

(e)  A  working  model  of  the  system  would  be  built. 

A  comparable  procedure  would  be  followed  for  the  rotary  diamond 
bit  system. 

It  shou-ld  be  noted  that  the  actual  design  and  construction  of  a 
functional  prototype  or  prototypes  would  not  be  undertaken  until  after 
completion  and  evaluation  of  this  second  phase  study. 
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The  couree  of  the  oew  study  depends  upon  which  of  the  following 
two  possible  interpr«t«tlons  of  the  preliminary  study  results,  Is 
adopted] 

(a)  The  preliminary  conclusions  regarding  the  relative 
performance,  rellahlllty  and  weight  of  the  two  methods 
are  correct. 

(b)  The  preliminary  study  serves  merely  to  deterMne  the 
feasibility  of  two  of  many  drilling  methods.  The 
comparison  of  these  two  systems  Is  based  on  certain 

well  foimded  assumptions  which  need  further  Investigation. 

If  the  first  InteiTJretatlon  is  made,  then  one  of  the  two 
feasible  methods  would  be  chosen  for  further  study  on  the  basis  of 
project  objectives  or  drilling  mission.  If,  however,  the  second 
Interpretation  is  preferred,  both  methods  would  be  further  explored 
to  permit  the  choice  of  the  optimum  system  for  a  given  mission. 

It  Is  recoianended  that  the  latter  course  be  riursued. 
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SYMBOL  DBFIlUTIOlfS  POR  SECfTIOlfS  I,  II,  AMD  III 

Pefialtlon 
Bit  dianster,  (in). 

Inalde  diameter  of  core  bit,  (in). 

Knergy  per  blow,  (in- lb). 

Energy  input,  (in-lb). 

Reaction  force,  (lbs). 

Role  depth,  (in). 

Horsepower  constant . 

Penetration  rate  constant. 

Mechanical  drill  advance. 

Mechanical  extension  of  telescoping  shaft. 
Hasimer  mass,  (lb-see^ /in) . 

Cyclic  rate,  (blows/sec).  -  Pereussor. 

Shaft  speed,  (rpm).  -  Rotary  Drill. 

Axial  load  on  bit,  (lb). 

Pneumatic  drill  advance. 

Pneumatic  extension  of  telescoping  shaft. 

Rate  of  penetration,  (ft/hr). 

Rate  of  penetration,  core  bit. 

Rate  of  penetration,  solid  bit. 

Battery  weight,  (lbs),  (on  earth). 

Weight  of  gas  system,  (lbs),  (on  earth). 
Diameter  ratio. 

Difference  between  outside  &  inside  diameters 
of  core  bit,  (in). 

Overall  energy  conversion  efficiency  of  the 
impact  tool. 

Specific  energy,  (Ib/in^). 


2 


3 


h 


'  r  Jt 


"tV  V 


.  .  li 


1 .  Introduction 

The  Hughes  Tool  Jomp-^ny  has  be^n  roq.nst.e’i  'o  prepjre 


stu  iy 


. . . ,  ..  hole  or  I  he  moot' .  |~Th.e  ssuhy  should 

provide  an  estimate  of  the  weigh*  irH  volume  rivju  i  remer.ts  of  the 


of  i^the  f '-’3 s i bi  1  i ty  of  drilling 
provide  an  estimate 
drilling  mechanism. 


The  following  par«me*<TS  are  to  be  •■vilu.ite'i  n,  ‘fie  study,  arid 

used  wherever  possible  to  choose  the  optimum  system: 

1.  Di'-ptfi  of  pene  t  r u t  i  Of. . 

( 

T  .  D  i  imetei  of  f.ole  . 

}.  Periet  r.i  *  1  on  r.i'e  i'  v.-.rious  m  ‘eri  ils  :  or  :  cive:.  loou. 

Amo.iP.t  ,  type  uid  r  -.'e  o'  i- yp ‘m  i  ti; o'  eneroy. 

5.  -atze  O’  eo.tpmnr.'  pickioe. 

f-i .  Weigtit  of  enuipmot.!  .is  j  functior.  o;  t.cle  fuime*-  r  f  d 
•  :(>ptf. . 

7.  Degree  of  complexity  c  eotilomeft. 

Information  obtaireble  •  roiri  e<ic!.  •  ••„!  .'.  i  gue  ( oeiie '  r  j  *.  i  on 
rate,  lOud,  torque,  etc.) 

■d.  jiowth  potent  0)1. 

Iw  .  vibration  result  if.  j  ■  rom  -illi'.g. 


2 .  Methofis  of  Drilling  tfie  -  ole 

.Many  techniques  have  bi'«r.  use",  or  suggest*.'  for  irii'kiri.';  holes  .  r. 
rock.  Sevf'ral  o£  thes-"  .)rr*  pr‘S.:,*pi  Table  I:  toaetf-.er  w;‘f. 
available  performance  a.i*,;.  iixami'  i*ior  of  t'.eS’  me’fjois  -  an.) 
elimination  of  those  with  hinti  power  r squ i rement s  ,  low  irill  rates, 
low  state  of  development,  complex  <;r.i  bulky  eguipmen*  aro  poor  growth 
potential  -  leaves  two  apparently  feasible  techniques: 

(a)  diamond  rotary  bit, 

(b)  percussion  tool . 

These  two  methods  will  be  examined  ir.  more  fietail  in  S(>ct’on5  11 


and  III  of  this  report. 
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Didtnon'j  Bit  f'iot-irY  '-''rilliiiq  Meclanisms 


1 .  Introduction 

As  indicated  in  Section  I,  only  two  of  the  many  possible  drilling 
methods  appear  feasible  for  the  moon  drilling  project,  namely,  rotary 
diamond  bit  and  percussive.  7n;s  section  is  devoted  to  the  diamond 

bit  rig  and  its  discussion  includes:  (a)  the  several  tasks  which  a 

diamond  bit  rig  must  perform  and  various  methods  of  sccompl  i  sh.i  ng 

them;  (b)  a  description  of  a  few  mechanisms  wtilch  appear  to  be  promising; 

(c)  the  approximate  weight  of  these  mechanisms  as  a  function  of  hole 
depth  and  dlametrar;  and  (d)  the  approximate  woigiit  of  the  overall  drill¬ 
ing  system  which  ir. eludes  the  energy  source,  cii. n  scavenr  g  me..r,s  -.nd 
the  mechanism. 

2 .  Prir.cipdl  Tasks  ot  the  Piamond  i^c-tary  ei" 

The  principal  tasks  or  oper  ,"  u-.s  recessary  for  drill  i:.q  a  hole 
on  the  moon  with  <)  di<imo!;.!  bit  are  sf.owr.  in  (dock  diagram  form  by 
Figure  1.  It  is  seen  they  iie: 

a)  LodJirg  the  bit 

b)  Rota'inq  the  sfiait 

c)  Advancing  *he  sf'.uft 

d)  Removing  the  chips 

e)  Providing  tooling  for  the  hit 

The  general  requirements  ot  these  operations  will  now  be 
considered.  The  specific  mechanical  design  recfu  i  roment  s  and  systems 
are  presented  in  Section  3  wfilch  followB. 

( 

2 • 1  Loading  the  Bit 

There  are  several  methods  for  providing  bit  thrust. 

These  are;  (a)  the  weight  of  the  package;  (b)  reaction  thrust 
produced  by  expanding  a  high  energy  gas  through  a  nozzle;  and 
(c)  some  means  of  anchoring  the  package  to  the  moon's  surface,  e.g., 
an  explosive  imbedment  anchor. 

Until  more  complete  knowledge  of  the  composition  of  the 
moon's  surface  is  available,  the  anchoring  method  is  ruled  out.  The 
amount  of  propellant  required  to  produce  reaction  thrust  is  prohibi¬ 
tive;  hence  this  method  is  also  ruled  out. 

Thus,  tfie  only  feasible  means  of  providing  thrust  is 
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to  "push"  against  the  package,  if  the  package  weighs  100  pounds  on  , 
the  moon,  the  available  thrust  may  be  assumed  to  be  fifty  pounds  for 
purposes  of  estirnatinn  drill  performance. 

Methods  (a)  arid  (b)  are  examined  in  detail  in  Appendix  A. 


2.2.  Rotat.nq  Use 

2.2.1.  Rotary  Drive  F'ower  j-iequiremet.ts 

An  analysis  of  the  operation  of  a  diamond  bit, 
(Appendix  K)  indicates  tha*  the  r.ite  of  penetration  and  tie  horse¬ 
power  required  for  rotation  are  niven  by  ‘he  followinc  en;.iiio:>s  for 
drilling  in  nrey  qr.inite: 

(a)  Solid  Bit 


P  =  1 .5  X  10 
r 


- '  L’l 
D. 


;  •  /  ‘  r 


hp  =  l.C  X  PhD.,  t>n 

(b)  Core  iiit 


(1) 

(2) 


- 

It'  ' 

P' 

n 

-f, 

10 

PND„ 

(^) 


(4) 


where 

P  =  Axial  load  on  bit,  lb 
f;  =  Shaft  speed,  rpm 
Dp  =  Diameter  of  solid  bit, 

Dj^  =  I.D.  of  core  bit,  in 

^  Dp  =  Difference  between  O.D.  md  I.D.  of  core  bit,  in 


The  constants  in  the  above  enuitions  were  determined  from  i 
limited  series  of  tests  run  by  Foster-Miller  Associates  usina  a  coring 
bit  having  the  d  imensl  ons  1--3/16  inch  O.D.  and  1  inch  I.D.  (D  =  1"  and 
^  Dg  =  3/16").  The  range  of  loads  covered  was  70  to  90  pounds  d'd  the 

range  of  speeds  560  to  920  rpm.  These  constants  were  compared  with  the 

•  « 

more  extensive  results  presentod  ir,  a  Phillips  Petroleum  memorandum. 

*  Strictly  true  only  when~/^ 

**  Phillips  Petroleum,  Drilling  Unalneerlnq  Div.,  'iouston,  Texas. 

Memorandums  Project  No.  4-  "Application  and  i'erfonoance  of  Diamond 
and  Ch.ert  Hits",  by  R.S.  sioct  ,  Feb.  .23,  1954. 
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(Se«  Appendix  E.)  TEe  const -int  ;n  the  power  eq>nt;ons  checked  very 
well;  however,  the  corst-mt  in  the  penetration  rate  oauations  obtained 
by  Phillips  was  several  times  larqer  than  that  presented  iiere.  iiencei 
it  is  felt  that  these  equations  «ire  adequately  conservative  and,  if  any¬ 
thing,  too  pessimistic  renardii-,a  peiietration  rate. 

Equations  (l)  to  (4)  were  used  to  plot  the  curves  in  Finures  2 
through  6,  which  present  the  i  c  •;  p  i  *  on  performirce  of  various  size 
diamond  bits  in  grey  qra.nits.  It  should  be  noted  ttijt  Figures  5  ^>nd  6 
are  plotted  by  combining  the  -expressions  for  power  ond  peretrotion  rate. 

The  restjlts  are  i ndepetiient  bit  lo.ad  and  speet. 

2.2.2.  Rotary  Drives 

As  stiowi  1:-.  riu.re  1,  three  ro'ary  d:i  /es  weie  i  r  vos ;  c.-:  t  ed  1 
(t>)  vi  gas  ’urbirie;  (b)  ••  aas  motor;  ;  ^^c)  elc. 'tic  motor. 

I't-.e  qis  systems,  either  motor  or  ttrbine,  consist  o:  '..'.e 
orpine;  ,j  source  c n.is  (i-.ot  or  colt);  .ir.d  co  sor  i  e  s  such  .35  pressure 
regulators,  reliet  valves,  st-,rtors,  near  boxe'  |  etc.  ’h"  quS  source, 
which  consists  of  ,■  container  und  "'.ime,  is  tr.-'  miit,  c  on.t  ;■  i  but  or  to 
system  weight  for  loi;c;  times  o;  oper-.'-ion;  t'.e  crnine  aid  .iccessories 
totjling  about  f  or  f  pour-. is  (e.ir'n  weinF*)  i:  ei‘’'ier  cu-ise.  Appendix  D, 
Section  III  presor  ts  ,3  detuilet  .niiysis  of  the  ■•;.!?.  systems  and  it  is 
cor.cluded  that  a  1  ’  qu ,  d  monopropellant  's  the  li  ri'est  .i.nd  most  reliuble 
oas  source. 

The  electric il  system  consists  of  in  elec'ric  motor  and 
gear  train  plus  an  energy  5‘orjne  or  conversion  device,  f  e  latter  may  be 
a  storage  battery,  fuel  iiormoe  l.oc  t  r ;  c  none  ra  t  or  solar  cell,  or 

even  a  e yiin>nw»i on r  dmm i e c r.  js  a  S'AP-iyp"  .nit.  i  or  comparison 

purposes,  the  slorane  battery  (  isino  silver-zir-c  cells)  s  considered 
as  typicul  of  tf.it  type  of  enemy  source,  i  urthermore ,  batteries  require 
no  extensive  development  work  and  ire  commonly  used  in  missile  work. 

System  weigh' 5  'or  eacf'.  O'f  the  ti.rea  me'tiOtJs  of  providino 
rotational  power  to  the  drill  b.t  are  presenteu  Figjres  7,^  and  9 
as  a  function  of  tt.e  operating  *ime  a^d  sev-Tul  power  levels.  These 
data  are  consolidated  as  Figure  10  to  permit  easy  comper'son  of  the 
systems . 


20  X  20  IHCM 


NO.  3*«0R-20  9ICTZOCM  OWAPH  ^APC» 
20  X  20  PC.R  INCH 
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As  seen  from  these  curves,  it  appeJrs  that  liie  oas  turbine 
system  would  provide  the  minimum  weight  package,  while  the  electric 
motor  system  would  be  the  hedvlest.  however,  *(ieie  aro  s-v-iral  factor^ 
which  must  be  considered  betore  any  iinal  conclusion  car;  be  drawn.  Some 
of  these  are  I 

The  weight  for  the  electric  motor  systerr  is 
b.iSed  on  conservative  estimates  of  urrits  which  have 
been  available  for  several  years,  i.o  effort  has  been 
m.ide  to  push  the  so-called  "state  of  the  art"  to  raini- 
mize  weioht . 

b)  The  estimates  cf  tlie  weights  of  tt^e  gas  systems  are 
optimistic;  i  t  e .  ,  wnonevor  the  weioiit  of  a  component 
was  ostim-ited,  it  was  alvpt;  'he  teneflr  of  ary  doubt 
with  Che  expectation  'hat  tire  weioht  might  be  achieved 
th.rounh  ,i  de vel opmer-.t  pro'-iam. 

c)  The  gas  systems  require  substantial  rjevelopment  work. 

F'o'h  are  predlc.itol  upon  'he  possibility  of  expending 
their  present  range  of  dppl i : ab i 1 i t y ;  e.g.,  to  Foster- 
Miller's  knowlfdop ,  no  gas  ir.otor  or  turbine  in  this 
range  has  beer-,  operated  successfully  for  as  long  as 
several  hours  in  ttie  anticipated  envi  rorunenta  1  conditions. 

d)  Although  great  advances  have  been  made  in  recent  years 
in  the  reliability  of  liquid  propellant  systems,  relia¬ 
bility  is  still  a  major  problem. 

e)  The  electric  motor  system  is  probably  the  most  reliable. 

It  is  the  least  complicated  and  uses  proven  components. 

It  can  be  readily  turned  on  and  off,  or  reversed. 

From  the  preceding  discussion,  it  appears  that  the  electrical 
system  will  be  the  most  reliable  and  probably  not  much  heavier  than  the 
gas  systems.  Also  it  requires  no  appreciable  development  effort  to 
become  operational.  However,  if  the  operating  time  becomes  large,  as  it 
appears  it  might  because  of  the  low  thrusts  which  can  be  applied  to  the 
bit,  a  more  thorouoh  investigation  should  be  made  of  the  gas  turbine 

I 

system  because  of  the  weight  eavinqs  indicated  in  Figure  10.  Also,  other 
electrical  energy  storace  or  generation  systems  should  be  -investigated 
for  extended  operating  times. 


2.3.  Advancing  Shaft 

2.3.1.  Shaft  Configuration 

The  rotary  shaft  may  be  one  or  multi-piece.  Unless 
there  is  a  very  qood  reason  for  havinq  a  short  package  axially,  the 
arguments  for  a  one-piece  shaft  on  the  grounds  of  simplicity  and  re¬ 
liability  are  overwhelming.  A  one-piece  shaft  mechanlr;*  will  also 
weigh  less  than  a  multi-piece  shaft  mechanism.  A  more  important  weight 
consideration,  however,  is  the  weight  saving  per  unit  length  of  hole  In 
the  rotary  power  system.  This  is  possible  because  the  minimum  diameter 
of  hole  for  a  multi-piece  (telescoping)  system  is  larger  than  that  for 
a  one-piece  shaft.  This  is  clearly  seen  by  examining  the  various 
mechanisms  presented  In  Sheets  1  and  2  of  the  L  iruir  Drilling  Mechanisms 
dr.iw;nos.  (5e“  end  of  ti'is  Section  II)  It' for '  unctely ,  the  depth  to 
which  a  one-piece  shaft  car  drill  is  limited  to  something  less  than  the 
package  length.  If  it  is  desired  to  go  deeper,  a  multi-piece  shaft  is 
necessary . 

Of  the  many  possible  multi'piece  shaft  configurations, 
the  following  three  were  examined. 

2 . 3 . 1 • 1  ■  Telescoping  Shaft 

This  has  the  adv.antage  that  its  package  will  occupy 
approximately  the  same  volume  as  a  one-piece  shaft.  The  pieces  are 
arranged  on  a  coramon  center  line  and  need  to  be  moved  only  axially.  The 
primary  disadvantage  is,  as  mentioned  above,  that  the  hole  size,  and 
therefore  the  power  required  for  drilling,  will  increase  significantly 
for  each  added  section. 

2. 3. 1.2.  Folding  Shaft 

Many  folding  arrangements  are  possible.  They  all 
have  the  disadvantaoe  that  they  require  more  room  for  packaging;  and 
result  in  added  complexity  of  aligning  and  locking  the  segments  together. 

2. 3.1. 3.  Assembled  Shaft 

This  would  consist  of  sections  which  are  assembled 
as  the  hole  is  drilled-.  Again  many  possibilities  are  available,  but  they 
all  have  the  disadvantage  of  added  complexity  and  weight. 


^  4 
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On  the  basis  of  th*  abovt  discussion,  it  was  decided  to  use 
a  telescoping  system  if  a  hole  deeper  than  that  attainable  with  a  single 
piece  shaft  is  required. 

The  systems  which  were  investigated  are  illustrated  in  the 
above-mentioned  drawings  of  the  Lunar  Drilling  Mechanisms  and  discussed 
in  Section  3  below. 

2.3.2.  Methods  of  Feeding  the  Shaft 

Two  methods  were  considered  for  advancing  the  shaft:  (l) 
pneumatically,  l.e.,  pushing  the  shaft  doWn  by  gas  pressures  and  (2) 
electromechanically,  i.e.,  using  an  electric  motor  to  actuate  a  mechanical 
device,  such  as  a  feed  screw. 

doth  schemes  ..re  illustrated  in  the  Lunar  Drilling 
Mechirisms  drawii.gs,  and  are  discussed  In  some  detail  in  Section  ‘  below. 

2.4.  Removing  the  Chips 

It  is  necessary  to  remove  chips  frcsn  the  bottom  of  the 
hole  to  permit  the  bit  to  engage  virgin  surface  and  to  avoid  floundering 
of  the  bit  and/or  binding  of  the  shaft.  A  hole  can  be  drilled  faster  and 
with  a  minimum  expenditure  of  energy  if  good  cleaning  is  a^c ompl i shed . 
Chips  may  be  removed  from  the  hole  by  two  basic  methorisi  (l)  suspension 
in  a  moving  fluid  stream,  e.g.,  gas  transport;  or  (2)  mechanical  con¬ 
veyor,  e.g.,  a  screw  conveyor. 

2. 4.1-  Gas  Cleaning 

In  this  system,  gas  passes  down  the  center  of  a  hollow 
drill  shaft  and  through  small  holes  in  the  bit  out  into  the  annulus  be¬ 
tween  the  shaft  and  the  hole.  The  stream  picks  up  chips  off  the  bottom  ^ 
and  conveys  them  to  the  surface,  where  part  of  the  stream  can  be  sampled. 
Gas  cleaning  requirements  are  examined  in  detail  in  Appendix  C.  The 
technique  appears  quite  feasible  and  the  required  system  appears  to  be 
relatively  simple.  An  important  result  of  the  analysis  is  that  by  low 
pressure  operation  the  gas  mass  flow  requirements  can  be  substantially 
reduced.  Figure  11  snows  transport  system  weights  required  as  a  function 


of  the  time  of  operjtion  when  helium  gas  is  used.  The  transport  system 
includes*  (i)  the  mass  of  gas,  (2)  the  container  or  tank,  and  (3) 
accessories  such  as  reaulatlnq  valves,  etc. 

2.4.2.  Mechanical  Cleaning 

In  this  system,  the  bit  is  designed  to  facilitate 
"scooping"  up  the  chips  from  the  bottom  of  the  hole  and  conveying  them 
up  by  means  of  a  screw- feed  type  mechanism.  Past  experience  with  screw 
feed  mech-jnisms  indicates  that  frictionol  forces  may  prevent  contir.uous 
transport  of  chips  to  the  surface.  The  alternative,  periodic  retraction 
and  "spinni'iG  o*'f",  would  require  an  elaborate  mechanical  system.  In 
view  of  '  hesn  obvious  difficulties,  It  appears  ttidt  the  oas  clea.ning 
system  will  be  more  simple  and  depordable  jnd  hence  shouLi  be  ctiosen  for 
the  appl : cat i on . 

2.5.  Providing  Cooling  for  the  13it 

Since  most  of  the  power  required  for  diamond  bit  drilling 
goes  into  friction  hoa»,  some  moans  Is  usually  provided  for  cooling.  When¬ 
ever  possible,  water  is  used.  However,  air  may  also  be  used,  but  the  mass 
Mow  requirement  is  mucf:  filaher  tfian  that  required  for  cleaning.  The 
various  "heat  sinks."  available  have  been  examined  to  determine  their  heat- 
dissipatinq  capacity.  (See  Appendix  B.)  The  analysis  indicates  that  the 
bit  will  not  overheat,  even  If  no  fluid  cooling  is  used,  provided  the 
drilling  power  level  is  low,  say  1/3  hp (  and  if  good  cleaning  cu'  be 
effected,  i.e.,  the  newly  formed  "hot"  chips  can  bp  gotten  out  of  the  way. 

3 •  Description  of  Drilling  Mechanism 

3 . 1  General  Requirements 

The  general  requirements  for  a  lunar  drilling  system  can 
be  itemized  as  follows* 

(a)  '  Maximum  reliability 

(b)  Ability  to  drill  a  hole  in  hard  rock  while  functioning 
in  d  difficult  environment. 

(c)  The  entire  package  must  be  as  light  as  possible 

(d)  The  mechanism  must  be  packaged  as  compactly  as  possible. 
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(e)  Vibrations  transmitted  to  the  moon  vehicle  should  be 
negligible. 

(f)  The  package  must  not  generate  R-F  electrical  noise. 

These  requirements  are  presented  In  the  order  in  which  they  should  be 
considered  to  determine  the  final  design. 

The  difficult  environment  existing  at  the  surface  of  the  moon, 
is  one  of  very  high  vacuum  with  surface  temperatures  varying  from  over 
3D0*^F  to  less  than  -150°F  during  the  lunar  day.  In  addition,  the 
gravitational  force  on  the  moon  is  one-sixth  that  of  the  earth. 

These  condltiotis  present  severe  lubrication  problems  for 
th.ose  parts  of  the  mechanism  workinag  in  the  vacuum.  All  higt-,  speed 
bearings  must  be  hermetically  sealed.  Those  bearings  whici.  must  function 
in  the  v«cuum  mus'  be  dasiqned  with  caie  <,nd  runctionally  evaluated. 

i'fie  type  and  fiardness  cv'  rock  *0  oo  dx  ille''*  is  unknown!  t:  e 
mechanism,  therefore,  must  be  capable  of  drilling  both  very  ivard  and  soft 
materials.  It  has  been  assumed  that  the  drilled  material  is  granite. 
Since  the  mechanism  will  be  i  ns  *  ;  umpid  » d ,  the  rjature  of  the  material 
actually  being  drilled  may  be  inferred  from  the  r.ne  of  penetration. 

The  mechanism  must  also  be  designed  so  that  provisions  can  be 
made  to  recover  8..mplos  of  the  material  being  drilled,  Tiiese  samples 
will  be  -analyzed. 

When  dll  the  functional  requirements  are  wet,  the  problems  of 
weight  cind  volume  can  be  attacked.  The  mechanism  must  be  as  light  and 
as  compact  as  possible  while  being  capable  of  performing  the  assigned 
task . 


3 . 2  Proposed  Drilling  Mechanisms 

The  drill  rig  considered  in  this  section  is  a  diamond 
rotary  bit  rotated  by  an  electric  motor.  For  holes  of  less  than  five 
feet  depth,  the  shaft  will  be  made  in  one  piece!  for  deeper  holes  it 
will  have  telescoping  sections.  T^e  drill  can  be  advanced  into  the 
hole  either  mechanically  or  pneumatically.  Similarly,  the  telescoping 
shaft  can  be  extended  and  retracted  either  mechanically  or  pneumatically. 
The  chips  will  be  removed  by  a  low-pressure  aas  cleaning  system. 


Several  alternative  systems  to  rotate  and  feed  the  bit  are 
illustrated  in  the  Sheet  1  and  She.’t  2  drawings.  For  conciseness,  the 
following  abbreviations  will  be  used  on  subsequent  curve  sheets. 

PA  ~  Pnetjmatlc  drill  .idvance  (pneumatic  feed) 

NiA.  -  Mechanical  drill  aJv'U'ce  (mechanical  fee'i) 

PE  -  Pne'Jmatlc  extension  of  telescoping  shaft 
ME  -  Mechanical  extension  o(  telescopinq  shaft. 

,3.2.1.  Pneumatic  Prill  Advance  (PA) 

The  pneumatic  drill  advance  with  a  one-piece  shaft 
is  illustrated  in  ♦^he  bottom  picture  on  Shoe*  1. 

The  drill  bit  mo*or.  q'’!i  'r  ;r  and  <  rupply  of  gas 
for  advan.; 'ng  tfie  drill  are  enclosed  i  r.  se.jled  pistor;  wt’.ich  is  inside 
the  feen  cyllnier.  Ttie  1r;l)  st.ift  ext e!'''s  tl.rouqi:  a  busiiinq  .it  the 
t'lttom  o!  ttr<?  cylinier.  The  oas  reservoir  for  ct.ip  removal  i.s  attached 
to  ttie  shaft  and  rotates  wit!-.  It.  thus  o  1  imi  ti.i  *  i  no  the  necessity  of  a 
dynamic  stiafT  seal.  The  supply  valve  for  this  qas  may  be  actuated  by 
centrifugal  rorce,  oponlno  M»f  en  tt  e  start  is  rotated. 

The  pistor.  i.nd  cylinder  njay  h.ave  some  cross  section 
other  than  circular  so  that  the  bit  reaction  torque  will  be  absorbed  by 
the  feed  cylinder.  The-  drill  is  .id  v.)ncGi-i '  by  i  nt  roduc  i  nq  oas  at  a  regu¬ 
lated  pressure  of  a  few  psia  into  the  space  between  the  top  of  the  piston 
and  the  end  of  tfie  cylinder.  This  will  feed  tfie  drill  by  a  constant 
load  allowing  the  penetration  rate  to  vary  as  the  rock  hardness  changes. 

3.2.2.  Pneumatic  Drill  A  ivance  an.i  Pneumatic  Drill  Shaft 
Extens lon(PAPE) 

The  pneumatic  extension  mechanism  is  shown  at  the  top 
of  Sheet  2.  The  gas  used  for  cleaning  is  introduced  into  the  top  of  the 
shaft,  at  a  pressure  of  200  to  400  psia,  forcing  the  smaller  inside 
shaft  down  relative  to  the  outer  shafts.  Tfie  oas  will  be  further  re¬ 
duced  in  pressure  in  passing  throuoh  the  bit  to  be  used  for  chip  trans¬ 
port.  The  two  upper  views  in  the  drawing  illustrate  only  the  pneumatic 
extension.  This  method  of  extending  a  telescoping  shaft  could  be  used 
with  a  pneumatic  feed  to  form  a  PAPE. 


3.2»3*  Mechanical  Drill  Advance  (MA) 

The  mechanical  advance  or  feed  mechanism  Is  Illustrated 
in  the  middle  of  Sheet  1.  The  drill  bit  motor  and  near  train  are  mounted 
on  a  platform  or  enclosed  in  a  case  which  has  three  equally  spaced  threaded 

holes  around  its  edne.  A  lead  screw  runs  throuqh  each  hole.  Both  ends 

of  each  screw  are  fitted  in  bushlnos,  which  permit  axial  travel  of  the 
screw  to  limit  thrust  on  the  drill  sliaft.  The  upper  end  of  each  lead 
screw  if.  spring  loaded  ani  has  a  sprocket  fixed  to  it.  A  small  drive 

motor  rigidly  attached  to  exploration  vehicle  frame  drives  one  of  the 

lead  screws  t.hrouuh  .t  small  .qe.-ir  train.  The  other  two  screws  are  chain 
driven  :  rom  this  powered  screw.  The  le.td  screws  '‘orce  the  bit -rotating 
motor  anci  shaft  town.  Any  .>xial  force  »n  the  drill  bit  is  transferred 
to  the  loarf  screws  ann  into  -  he  sprt.'.os  <>*  ‘heir  upper  enris.  When  the 
lo'i.;  iedthes  a  predetermined  volue  'i.e  lean  screws  move  upWiir-i  eriouch  to 
: '  senouue  tiie  auva.nco  or  feed  cie  irs.  The  speeds  tiod  forces  involved  in 
the  leal  screw  drive  motor  are  low  enough  to  allow  gear  pngaoement  and 
d  i  sengaaemont  witiaout  near  tooth  dumaqe.  Ar.  alteiriatf?  methexi  would  be 
to  use  d  torque  l.mltlna  clutch  or  overload  protection  inttie  electrical 
circuit  (neither  is  showti)  . 

The  gas  reservoir  for  chip  removal  may  or  may  not  be 
rigidly  attcicheJ  to  the  drill  shaft. 

An  alternate  method  of  arranoing  the  drill  bit  motor, 
gear  train  and  gas  reservoir  for  chip  removal  is  shown  at  the  top  of 
Sheet  1.  Here  the  drill  bit  motor  is  positioned  on  its  side  and  the 
gas  reservoir  is  remotely  located.  This  arranoement  has  the  advantage 
of  getting  maximum  hole  depth  from  the  mechanism. 

With  a  mechanical  feed  mechanism,  the  rate  of  pene¬ 
tration  can  be  measured  by  countino  the  turns  of  the  lead  screw?  and  the 
force  on  the  bit  could  be  measured  from  the  deflection  of  the  springs 
at  the  upper  end  of  the  lead  screws. 

'  3-2. i.  Mechanical  Drill  Advance  and  Pnemwatic  Extension  (itAPE) 

The  mechanical  advance,  pneumatic  extension  mechanism 
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would  consist  of  sithsr  MA  system  dascribed  abova,  coupled  with  the  PE 
system  illustrated  at  the  top  of  Sheot  2  and  described  in  Section  3*2.2. 

3.2.0.  Mechanical  Drill  Advance  and  Mechanical  Extension  (MAME) 

The  mechanical  advance  is  described  in  Section  3*2.3* 

The  mechanical  extension  (.ME)  is  illustrated  at  the  bottom  of  Sheet  2.  A 
series  of  concentric  threaded  screws  capable  of  being  telescoped  is 
surrounded  by  a  series  of  concentric  shafts  also  telescoping.  The 
screws  are  the  means  of  advancing  the  drill  and  the  shafts  rotate  the 
bit.  The  outermos'  lead  screw  is  rigidly  attached  to  the  lunar  vehicle 
frame,  and  li-.e  outermost  shaf*  is  rotated  by  the  last  gear  of  the  gear 
train.  The  shafts  are  splinod  so  shafts  and  bit  rotate  together.  This 
is  clearly  shown  in  tfie  blown-up  Detail  A-A.  The  inner  feed  screw  is 

I 

iriven  throuqli  the  clutch  in  the  bit  .15  long  ss  the  axial  load  does  not 
exceed  a  preset  value,  say  50  pounds.  When  this  value  is  exceeded  tiie 
spring  in  th.e  bit  is  compressed  enough  to  disengage  the  clutch.  The 
bit  keeps  rotating  but  does  not  advance  since  the  inner  screw  is  not 
rotated.  This  will  continue  until  the  axial  load  decreases  and  the 
spring  extends  to  enoage  the  clutch. 

In  the  illustration,  the  motor  does  no*  advance  with 
t!ie  drill  as  it  does  on  Sheet  1.  However,  this  feature  may  be  added  if 
desired.  The  MAMH  as  shown  requires  remote  location  of  the  gas  reservoir 
for  chip  removal,  which  necessitates  a  rotary  seal.  The  gas  bottle  could 
be  located  around  the  outer  shaft  to  avoid  this  problem. 

This  partic..lar  mechanism  can  be  retracted  by  simply 
reversing  the  motor.  The  rate  of  penetration  can  easily  be  measured  by 
counting  lead  screw  revolutions.  The  force  on  the  drill  bit  can  be 
determined  within  limits  from  the  clutch  spring  deflection. 

3*2.6.  Drill  Hftractlon 

The  mechanical  systems,  MA  or  MAME,  can  be  easily 
retracted  by  reversing  the  motors  which  drive  the  feed  screws.  In  order 
to  retract  in  the  pneumatic  systems,  (PA,  PAPE,  or  MAPE) ,  the  mechanism 
shown  in  the  top  illustration  of  Sheet  2  is  suggested.  A  wire  wound  on 
a  reel  with  one  end  fastened  to  the  lower  section  of  the  shaft  is  un¬ 
wound  as  the  shaft  is  extended.  For  retraction,  the  gas  supply  is 
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shut  off  and  the  wire  is  rewound  on  the  reel  by  a  small  electric  not^r* 

The  device  could  be  used  for  ineasurinq  penetration  by  counting  the  number 
of  turns  of  the  reel.  The  theoretical  power  required  for  drill  retraction 
is  very  small,  about  O.CX)5  hp,  provided  the  tiraeof  retraction  is  allowed 
to'be  a  minute  or  two. 

3.2.7.  Cowparlson  and  Weight  Analysis  of  Mechanisms 

The  weight  of  the  mechanisms  described  in  the  preceding 
paragraphs  is  presented  in  Figure  12.  These  results  do  not  include  the 
weight  of  the  drill  bit  motor  and  power  supply  (see  Figure  lo) ,  or  the 
cleaning  gas  and  storaqe  tank,  (see  Fig  ire  11).  Thus, only  the  weight 
of  the  mechanism  for  a;lvancir\g  the 'haft  and  the  sh.aft  Itself  are  included. 

i  ’>it  con f  ig'jr.d  i  ons  were  analyzed  and  the  weight  of  the 
mechanism  was  plo'L*-.ed  aoainst  the  ranu.’  of  depths  l''.e  particular  configura¬ 
tion  would  bo  abl.*  to  drill.  A  one-pi.ece  siiaf*.  i  ri  a  six  foot  package  could 
drill  to  a  depth  of  .tbout  five  tc>»r  so  the  woini'.t  of  the  five-foot  model 
was  plotted  against  range  from  zero  to  five  feet.  Weights  were 
estimated  using  titanium  is  a  conf  ruction  material!  and  the  shaft  sizes 
we:'.'  determined  by  buckling  considerations,  but  in  no  cas  ■  was  a  wall 
made  thinner  than  o.-.e- si xt eentn  in:h. 

The  results  show  tha’  the  mecfianical  advance  (!<iA)  seems 
to  have  u  sliolit  weight  advantage  over  a  pneumatic  advance  (PA)  .  liovtcver, 
it  is  quite  possible  that  sliqht  changes  in  conf iourat ion  could  reverse 
this.  For  example,  by  'using  a  planetary  gear  train,  the  cylinder  dia¬ 
meter  in  the  PA  system  could  be  reduced  to  about  3  or  4  inches.  This 
would  reduce  the  weight  of  the  PA  system  to  about  8.5  pounds.  For 
estimating  system  weights,  the  results  presented  in  Figure  12  will  be  used. 
The  minimum  bit  sizes  shown  in  Figure  12  are  Governed  by  the  shaft  sizes. 

A  telescoping  shaft  will  obviously  require  a  larger  bit  as  sections  are 
added:  and  the  mechanical  extension,  which  is  essentially  -a  double  tele¬ 
scoping  system  will  require  an  even  larger  bit.  The  mechanical  extension 
(me)  compares  r.ather  poorly  because  of  higher  weight  and  larger  bit  size. 

For  the  calculation  of  system  weights  in  the  followina 
section,  the  lightest  weight  mechanisms  In  Fig-ire  12  will  be  'used;  i.e., 

MA  or  MAPE. 

4.  Overall  System  Weight 

In  previous  sections,  the  weights  of  the  various  sub-systems 
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*wre  presented.  These  will  ncsw  be  combined  to  for-m  an  estisuite  of  the 
total  drilling  system  weight. 

Of  the  various  possibilities  of  sub-system  configuration,  the 
following  were  chosent 

a)  Drill  rotation  -  electric  motor  (O.l  horsepower) 
powered  from  silver-zinc  storage  batteries. 

b)  Chip  transport  -  using  helium  at  a  working  pressure 
of  0.01  atmospheres. 

c)  -Drill  Mechanism  -  mechanical  advance  with  pneumatic 
extension  of  a  multi-piece  shaft  (MAPF.)  . 

Two  cases  were  investigated  for  the  range  of  hole  depths  from  zero  to 

« 

ten  feet.  One  with  a  drill  bit  of  minimum  size  as  determined  by 
structural  considerations!  the  ot>:er  with  a  one  incfi  diameter  drill  bit. 
The  minimum  bit  size  and  meciianism  weightwore  found  from  Figure  12. 

With  bit  size  and  power  level  (O.l  hp)  known,  Tigure  5  yielded  the  pene- 

** 

tratlon  rate,  from  which  the  time  of  operation  was  found.  With  the 
timn  of  operation  known,  Figures  I'J  and  11  were  used  to  find  weights  of 
the  rotary  power  and  aas  transport  systems,  respectively.  The  results 
are  presented  In  Figure  IT. 

The  results  show  that  the  major  part  of  tiie  system  weight  is 

due  to  the  storage  batteries.  With  the  system  described  above,  it  is 

possible  to  construct  a  drill  rig  within  the  weigtit  limit  of  sixty  pound 

provided  the  depth  Is  limited  to  five  feet  and  the  drill  bit  diameter  . 

does  not  exceed  .3/4  inch?  the  time  reguired  to  drill  would  be  about 

20  hours  If  the  shaft  power  were  U.l  hp  and  10  hours  if  the  power  were 

0.2  hp.  However,  if  there  is  no  particular  reason  for  making  the  hole 

3/4"  in  diameter,  a  hole  only  l/2"  in  diameter  or  a  cored  hole  will 

result  In  a  much  lighter  system  as  shown  by  Figure  13.  The  l/2"  hole 

•  Holes  deeper  than  ten  feet  were  not  considered  because  the  overall 
system  weight  became  very  large. 

*•  The  time  of  operation  may  be  somewhat  adjusted  by  varying  the  power 
level.  Since  the  maximum  load  is  set  at  50  pounds,  for  a  given  bit  size 
the  power  is  determined  by  the  rotary  speed.  However,  heat  dissipation 
and  chip  removal  requirements  at  the  bit  set  an  upper  limit  of  about 
l/3  hp.  Although  the  operating  times  can  be  reduced  by  increasing  the 
power  level,  the  total  energy  required  (horsepower  x  time  of  operation) 
remains  constant,  so  that  the  weights  are  not  affected. 
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system  will  welqh  only  34  pounds  for  a  hole  depth  of  5  feet j  and  the 
time  required  to  drill  wovjld  be  about  8  hours  If  the  shaft  power  were 
0.1  hp. 

A  mir.itnum  size  core  bit  =  1/2  inch,  =  3/it'  inch) 

can  be  use'd  witii  a  one-piece  shaft  which  would  result  in  a  sliahtly  lower 
energy  requlremcMit  per  foot  drilled;  and  hence  a  slight  weight  saving. 
This  configuration  is  not  shown.  It  would  be  similar  to  the  middle 
Illustration  of  Sheet  1,  except  that  it  would  use  a  core  bit.  The  core 
will  not  be  removed  but  will  remain  inside  as  drilling  proaresses.  A 
core-bit  used  with  an  extendable  shaft  is  not  shown  since  a  pneumatically 
extending  corino  stiaft  was  no-  desianed.  SignificatU  savings  are  not 
anticipated  be:av;se  ul  the  size  and.  complexity  of  the  system. 

If  a  mucli  liotd.er  source  of  power  can  be  used,  a  system  with 
mu..h  greater  cap^bi  1 1 1 is.s  is  possible;  bit  in  any  event,  drilling  beyond 
ten  feet  (isino  a  sba't  with  more  than  two  pieces)  does  not  appear 
feasible  w;‘hin  '  i.e  limit  of  <.>r  overall  system  weight  of  sixty  pounds. 

5  .  1  n  fore  I'.'s  i  on 

O'  tno  various  ro^sihle  mechanical  systems,  it  appears  that 
ti'.e  most  sui'.ible  diamond  bit  system,  from  the  standpoin*  of  weict^t  and 
reliability,  would  consist  of: 

(a)  An  electric  motor-storage  battery  combination  for  i 

the  rotary  drive 

(b)  Helium  gas  for  ciilp  scavenginq 

(c)  A  mechanical  or  pneumatic  advance  (with  pneumatic  extension 
of  a  multipiece  shaft) 

as  the  basic  drilling  mechanism. 

Using  such  a  system,  with  a  one-piece  shaft,  it  should  be 
possible  to  construct  a  drill  rig  which  would  weigh  about  sixty  pounds 
and  which  would  be  capable  of  drilling  a  hole  3/4  inch  diameterby  five 
feet  deep.  The  lightest  system  capable  of  making  a  hole  five  feet  deep 
would  weigh  aoprox imate ly  half  this,  or  about  thirty  pounds.  It  would 
make  a  l/2  inch  diameter  full  hole  or  a  core  hole  having  a  1/2  inch 
minimum  diameter.  The  space  requirements  for  any  one  of  these  systems 
would  be  3  cylinder  about  six  inches  in  diameter  by  six  feet  in  length 
exclusive  o-  batteries.  The  system  appears  to  have  reasonable  growth 


potential,  l.e.,  a  hole  13/l6  Inch  diameter  by  ten  feet  deep  could  be 
drilled  with  an  overall  system  weloht  of  one  hundred  and  twenty  pounds. 
This  is  Illustrated  in  Figure  13.  Furthermore,  the  rig  would  not  be 
subject  to  severe  or  intolerable  vibration  and,  with  appropriate 
electrical  shieldin^i  it  is  not  expected  to  generate  any  R-F  noise. 

In  arriving  at  ’^^he  above  cone lus i ons many  "sticky"  problems 
were  examined  analytically  or  by  a  minimiim  of  experimental  work.  Some 
of  the  solutions  which  require  additional  attention  arej 

(a)  The  chip  removal  scheme  appears  quite  feasible 
but  it  is  yet  to  be  proven  in  the  laboratory. 

,  (b)  The  drilling  power  recful  rements  and  penetration 

data  were  based  on  a  very  I’mited  number  of  tpsts- 

(c)  The  starting  problems  and  th.c  ourability  of  the  ^ 

diamond  bit  must  .be  examined  in  greater  detail 

(d)  Although  the  diamond  bit  performs  well  in  consolidated 
formations,  its  operation  in  loose,  oranular  formations 

•  remains  to  be  determined. 

(e)  The  ability  to  dosicn  seals,  bearinns,  etc., 
which  will  function  properly  in  the  env'ronment 
existino  on  the  noon  remains  to  be  proven. 

(f)  The  predictions  concerning  bit  cooling  need  to  be 
checked  in  the  laboratory. 

It  is  anticipated  that  stra ight foward  engineering  design  and 
development  will  resolve  .all  these  problem  areas  with  the  possible 

exception  of  (c) ,  diamond  bit  life.  The  laboratory  tests  made  at 

» 

Hughes  Tool  Compa.ny  /with  two  J.K.  Smif  and  Sons  diamond  bits  were  not 
encouraging.  These  bits  consisted- of  a  finite  number  of  fairly  large 
diamond  points  set  l-it  th'  surfice  of  a  sintered  metal  matrix.  Durino 
the  drilling  tests,  the  Individual  diamonds  dulled  rapidly  and/or 
came  loose  from  the  matrix.  There  is  some  question  as  to  whether  this 
was  a  "hard"  or  "soft"'  formation  type  bit-  Considerably  better  perform¬ 
ance  was  obtained  with  a  Felker  "Dl-Met"  core  bit  used  by  Foster-Miller 
Associates.  This  bit  has  a  section  of  diamond  dust  Impregnated  material 
about  1/4  inch  long  which  continues  to  drill  until  completely  worn  away. 

*  See  Appendix  2, "Bi-weekly  Report  No.  3”»  submitted  26  August  1960; 
and  Appendix  E  of  this  report. 


Prelini  nary  tests  at  Hughes  have  confirmed  this.  It  is  felt  that  the 
problem  of  bit  life  can  be  resolved  with  time  and  development. 

In  view  of  the  foregoing,  the  conclusion  regarding  the 
feasibility  of  diamond  bit  drilling  on  the  moon  cannot  be  clear  cut. 
However,  the  results  of  these  preliminary  studies  indicate  that  the 

diamond  bit  Is  a  promising  contender.  If  the  durability  of  these  bits 

♦ 

were  established,  the  diamond  rotary  system  would  be  recommended  over 
the  percussion  drill,  for  certain  combinations  of  hole  diameter  and 
depth,  because  of  its  inherently  simpler  and  more  reliable  design.  See 
Section  III  -  6  for  furtiior  discussion  on  this  point. 
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S<*c  t  ion  III 


Pi- re. ss ion  Dr  1 1 1  i no 


1 .  Introduction 

In  the  survey  of  drilling  methods  presented  in  Section  I, 
percussion  drilling  appeared  to  be  one  of  the  two  feasible  methods  of 
producing  a  hole  in  the  moon.  The  other  method,  rotary  diamond  bit 
drilling,  was  discussed  in  Section  II.  This  Section  III  is  devoted 
to  the  percussion  drill  rig  and  it  presents:  (a)  a  discussion  of  the 
principle  of  operation  of  a  percussion  drill:  (b)  the  several  tasks 
which  a  percussion  rig  must  perform,  and  various  methods  of  accomplish¬ 
ing  them:  (c)  a  description  of  three  of  the  most  promising  systemsi 
and  (d)  prel Imlnary  weight  estimates  for  those  three  systems. 

2 .  Principle  of  Operation  of  a  Percussion  Drill 

Although  the  mechanical  desion  of  percussion  drills  may  vary 
markedly,  their  basic  mode  of  operation  will  be  the  same.  Energy  is 
supplied  to  a  mass  or  hammer  over  a  relatively  long  period  of  time. 

Thus,  a  low-power  source  is  able  to  store  a  fairly  large  amount  of 
energy  in  the  mass.  Subsequently,  the  mass  Impacts  with  the  rock  either 
directly,  or  indirectly  through  a  drill  rod,  and  dissipates  its  enej^y 
over  a  very  short  period  of  time.  This  results  in  extremely  large 
stresses  (or  stialns)  In  the  rock.  These  high  stresses  cause  immediate 
fracture  of  the  rock  with  relatively  small  energy  losses  due  to  friction 
between  the  tool  and  the  rock*.  This  is  in  contrast  to  rotary  diamond 
bit  drilling  where  the  friction  energy  losses  associated  with  the  drag 

between  the  tool  and  the  rock  surface  are  very  large  compared  to  the 

* 

strain  energy  Input  to  the  rock  which  effects  fracture.  Thus,  impact 
drilling  appears  to  be  considerably  more  efficient. 

Although  the  processes  involved  in  fi*acturlng  rock  are  not  thoroughly 

»» 

understood,  the  following  characteristics  of  Impact  drilling  are  known: 
a.  The  amount  of  rock  which  is  fractured  by  a  blow  from  the 
haaaser  depends  on  the  energy  of  the  hammer  and  not  its 

•  Note,  however,  that  only  a  small  fraction  of  the  strain  eporgy  put 
into  the  rock  is  utilised  to  fracture  rock.  The  remainder  of  the  strain 
energy  is  dissipated  in  the  rock  as  the  bit  load  i«  removed.  As  this 
energy  is  distributed  throughout  a  large  aiass  of  rock,  no  significant 
temperature  rise  occurs. 

••  "The  Fundamentals  of  Rock  Drilling".  Paper  826-27-H  by  R.  Simon,  D.E. 
Cooper  and  M.L.  Stontman,  Battelle  Memorial  Institute,  Coluoybus,  Ohio. 
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ntuiii. 

b.  The  energy  re<|ulred  to  drill  rock  i#  proportional  to  the 

voluara  of  material  removed  for  a  given  chltel  geometryt  i.e>i 


^  <5c 


(5) 


where i 


B  Energy  Input 
Dg  ■  Hole  diameter 
h  -  Hole  depth 
^  =  Spec  if Ic  energy 


(In-lb) 

(in) 

(in) 

( in-lb/in^) 


The  best  available  value  for  the  specific  energy  of  grey  granite  for 
an  acute-angle,  wedge-shaped  bit  is  about  ,000  in-lb/in^. 

c.  A  threshold  energy  per  impact  exists,  depending  on  bit  shape, 
below  which  the  rock  drilllna  process  becomes  very  Inefficient. 
For  impact  energies  above  the  threshold  value,  relatively  large 
chips  are  formed.  Conversely,  for  energies  below  the  threshold 
value,  only  local  pulverization  occurs,  i.e.,  very  small  chips 
are  formed;  and  since  the  volume  of  rock  fractured  is  low,  the 

apparent  specific  energy  is  several  timet  that  when  large  chips 

«« 

are  formed.  The  best  available  value  for  threshold  energy 
Is  about  100  In-lb  per  -Inch  length  of  a  chisel  bit  having  a 
cutting  edge  width  of  about  l/l6". 


3.  Principal  Tasks  in  Psrcyssipn  Drliling 

The  block  diaqrsn  of  Figure  14  shows  the  principal  functions  v»hich 
are  required  for  drilling  a  hole  with  a  percussion  drilling  rig  on  the 
moon.  It  is  seen  that  they  arei 

a.  Provision  of  reaction  force 

b.  Hammer  actuation 

c.  Tool  advance 

d.  Chip  reaieval 

e.  Bit  rotation 

f.  Bit  cooling 

•  Based  on  information  from  the  Jngersoll-Rand  Cosqpany  and  extrapolation 
of  data  given  in  Paper  826-27-H  c^t.  Page  38. 

••  clt.  page 
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The  variou*  methods  of  fulfllH.ng  these  requirements  will  now  be  examined 
and  compared  tor  relative  feasibility.  The  specific  mechanical  design 
requirements  and  drilling  systems  will  then  be  considered  in  Sections  4 
and  5 . 

3.1.  Provision  of  Reaction  Force 

In  the  operation  of  a  percussor,  an  internal  force  is 
required  to  accelerate  the  hammer.  If  the  casing  of  the  percussor  is  not 
permitted  to  recoil,  then  the  instantaneous  external  reaction  force  on 
the  casing  must  be  equal  to  or  greater  than  the  Internal  force.  If, 
however,  the  casing  is  permitted  to  recoil,  then  the  only  requirement  is 
that  the  average  reaction  force  equal  the  .iverage  rate  of  momentum  transfer 
to  the  hammer.  In  either  case,  some  reaction  force  is  required  and  may 
be  supplied  byi  (a)  external  reaction  forces  applied  to  the  casing;  (b) 
the  weight  of  the  percussor  exclusive  of  the  hammer;  ur  (c)  Inertia 
forces  resulting  from  acceleration  of  the  casing. 

By  reasoning  similar  to  that  employed  in  Section  11  -  2.1, 
it  may  be  concluded  that  about  pounds  of  reaction  force  from  the  weight 
of  the  vehicle  could  be  used  to  load  a  moon-drl 1 1 i no  mechanism.  It  is 
undesirable,  however,  to  us#'  all  the  available  weight  of  the  capsule  as 
reaction  force  because  cyclic  variation  of  this  reaction  force  would  _ 
tend  to  excite  vibration  of  the  capsule  and  its  contents.  These  vibrations 
could,  at  the  expense  of  added  weight  and  complexity,  be  partially  Isolated 
from  the  capsule. 

The  most  desirable  source  for  reaction  force  it  the  weight 
of  the  impact  tool  Itself.  Since  the  tool  will  only  weigh  from  two  to 
six  pounds  on  the  moon,  the  percussor  should  be  designed  to  operate  with 
a  small  average  reaction  force.  Analysis  (Section  11  of  Appendix  F) 
shows  that  percussion  drilling  on  the  itoon  can  be  efficient  with  average 
reaction  forces  equal  to  the  weight  of  the  percussion  tool,  provided 
that  the  impact  rate,  hammer  mass,  and  energy  delivered  to  the  rock  per 
blow  are  properly  matched.  The  asKJunt  of  recoil  can  also  be  limited  to 
reasonable  values,  typically  less  than  one  inch. 

For  the  reasons  outlined  above,  all  percussion  systems 
recommended  in  this  study  will  utillie  the  tool  weight  to  supply  the 
reaction  force  necessary  for  Impact  drillino. 
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3.2  Hanwer  Actuation  -* 

Actuation  of  the  percussor  requires  a  haaraer,  a  source 
of  energy  and  means  (a  mechanism)  of  transforming  this  energy  into 
mechanical  motion  of  a  hammer. 


3.2.1.  Energy  Sources 

Of  the  many  possible  energy  sources,  only  three 
appear  to  be  feasible  for  use  In  the  present  moon-drill  system. 
These  arei 

a)  Electrochemical  {storane  batteries) 

b)  High-pressure,  stored  gas 

c)  Liquid  propellant  hot  oas 


The  silver- 2  ;[K  type  o'”  storage  battery  is  suitable  for 
use  on  the  moon  and  will  typically  provide  3^  watt-hours  of  energy  per 
pound  of  battery  including  case  and  connections.  (See  Section  IV, 
Appendix  D.)  If  is  the  overall  enemy  conversion  efficiency  of  the 
impact  tool,  and  Lqiatiori  ( 'S)  is  used  m  express  the  energy  required, 
the  resultant  battery  weight,  on  earth,  is 


Wb 


U.746  X  10 


-6  ^c^^B 


(lbs) 


(6) 


where  the  symbols  have  the  same  meaning  as  before. 

Stored  high-pressure  gas  can  be  conveniently  and 
directly  utilised  in  a  pneumatically-actuated  percussor  and  can  at  the 
same  time  serve  for  chip  scavenging.  The  requirements  for  gas  and 
container  mass  and  volume  as  determined  in  Section  1  of  Appendix  F  for 
nitrogen  and  helium  as  workino  fluids  show  that  the  overall  weight  of 
the  nitrogen  source  will  be  slightly  less  than  that  of  the  helium 
source.  The  weight  of  the  stored-gas  source  is  Independent  of  the  gas 
pressure  and  its  volume  is  inversely  proportional  to  pressure.  The 
nitrogen  system  weight,  Ws,  on  earth,  can  be  expressed  as 

.  ^  D  ^  h 

Ws  n  1.11  X  10  ’  — -  (lbs)  (7) 

"'I 

This  Is  based  on  the  assumption  that  the  initial  stored  mass  of  gas  is 
sufficient  to  alloe  only  a  25%  drop  in  gas  temperature.  (See  Section  I 
of  Appendix  F  for  details.)  Comparison  of  Equations  (6)  and  (7)  shows 
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that,  for  equal  efficiency  of  operation,  the  8tored-ga$  syste*  i»  over 
ten  times  heavier  than  the  battery  system.  The  weight  of  the  stored-ga# 
system  might  be  decreased  somewhat,  (possibly  by  40%).  by  reducing  the 
initial  stored  mass  of  gas.  This  may  be  accomplished  by  Intermittent 
drilling  to  permit  heat  transfer  from  the  surroundings  to  the  gas  to 
maintain  reasonable  temperature  levels,  but  only  at  the  expense  of 
added  complication.  Figures  F-3  and  F-4  in  Appendix  F  show  the  weight 
and  volume  of  a  nitrogen  system,  for  a  storage  pressure  level  of  3000 
psl,  as  a  function  of  hole  size  and  depth. 

The  third  feasible  energy  source  for  moon  drilling  is  a 
chemical,  hot-gas  generator.  The  simplest  and  most  reliable  gas  genera¬ 
tors  are  of  either  the  solid  fuel  or  the  liquid  monopropellant  types. 
Bipropellant  systems  can  provide  higher  energy  outputs  per  pound  of 
propellant,  but  only  at  the  expense  of  added  complexity  and,  hence,  lower 
reliability.  The  liquid  monopropellant  ?s  chosen  over  the  solid  pro¬ 
pellant  because!  (1)  the  latter  generates  "dirty"  gas,  i.e.,  has  solid, 
gusmy  particles  in  the  gas  stream,  which  tend  to  clog  the  small  flow- 
control  orifices!  and  (2)  the  oraih  has  an  excessively  large  ratio  of 
length  to  diameter  due  to  the  low  mass  flow  of  gas  and  the  relatively 
long  time  of  operation  required.  Hydrazine,  is  a  liquid  mono- 

propellant  which  decomposes  to  form  a  relatively  clean  gas  at  a  genera¬ 
tor  ‘temperature  of  1960°  R.  1 1  ('there fore ,  appears  to  be  feasible  as  an 
energy  source  for  percussion  drilling. 

A  detailed  analysis  of  the  hydrazine  gas  generator  shows 
that  the  weight  of  a  hot-gas  system  required  for  drilling  a  5  foot  hole 
3/4”  in  diameter  in  grey  granite  {  -  40,000  Ib-in/in^)  is  about  5.5 

pounds.  (See  Section  I  of  Appendix  F.)  To  make  the  tame  bole.  Equations 
(6)  and  (7)  give  the  weight  of  the  battery  system  as  2.5  pounds  and  of 
the  stored- gas  system  as  30.2  pO'unds.  Thus,  it  would  appear  that  the 
battery  or  hot-gas  systems  should  be  chosen.  However,  it  should  be 

t 

realized  that  hot-gas  generators  for  extended  tiaws  of  operation  are 
not  within  the  present  state  of  the  art  and  would  require  considerable 
development  beferc  a  practical  and  reliable  systeei  could  be  realized. 
Furthermore,  the  use  of  high-temperature  gas  in  the  percussor  mechanism 
will  require  the  solution  of  many  difficult  mechanical  design  problems 
connected  with  differential  expansion,  the  sealing  of  high-temperature 
gases,  and  high-temperature  metallurgy.  Until  the  form  of  the  actuation 
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ra«chani8m  is  8«lected,  it  Is  not  possiblo  to  choose  between  the  above 
energy  sources.  This  selection  is  considered  below  in  Section  5. 

3.2.2.  Actuation  Methods 

The  type  of  actuation,  or  the  method  used  to 
accelerate  the  hammer  mass  in  a  percussion  drill,  will  depend  on  the 
energy  source  employed  and  the  degree  of  recoil  desired. 

3 . 2 . 2 . 1 .  Zero-Recoil  Percussors 

A  detailed  analysis  was  made  of  two 
general  types  of  zero-recoil  percussors?  l.e.,  the  gravity- force 
actuated  system  and  the  contact- force  acceleration  system.  Both  systems 
are  awkward  and  complex  mechanically  and  offer  no  weight  advantage  over 
the  finite-recoil  type  of  percussor.  In  addition,  the  zero-recoil 
systems  would  transmit  time- varying  forces  to  the  moon  capsule  and,  there 
fore,  would  tervj  to  excite  vibrations  in  that  structure.  The  zero-recoil 
percussor  mechanism  Is,  therefore,  eliminated  from  further  consideration. 
(See  Section  IT  of  Appendix  r  for  details.) 

'  3 • 2 . 2 . 2 .  Finite  Recoil  Percussor 

In  order  to  avoid  transraittinq  vibratory 
(or  even  steady)  forces  to  the  moon  capsule  when  recoil  is  permitted, 
the  reaction  force  exerted  on  the  percussor  must  be  supplied  by  the 
casing  weight.  If  the  percussor  earth  weight  is’  limited  to  about  16 
*  pounds,  the  available  reaction  force  on  the  moon  is  only  about  2.7  pounds 
Thus,  the  percussor  must  be  designed  to  operate  effectively  under  this 
small  reaction  force.  A  dynamic  analysis  was  made  of  a  percussion  drill 
for  two  limiting  modes  of  operation?  i.e.,  intermittent  percussion  and 
continuous  percussion.  (See  Section  II  of  Appendix  F.) 

In  the  intermittent  mode,  the  time  interval 
between  blows  is  large  compared  with  the  time  for  the  recoil  motion, 
caused  by  the  blow,  to  die  out.  This  mode  of  operation  is  limited  only 
by  the  allowable  recoil  distance.  For  example,  a  small  reaction  force, 
large  hammer  mass  and  large  blow  energy  result  in  large  recoil  distances. 
Also,  an  inherent  inefficiency  is  present  in  the  intermittent  percussor 
because  the  recoil  energy  of  the  percussor  casing  is  dissipated  without 
doing  useful  work.  Since  the  recoil  energy  is  about  20^  of  the  blow 
energy  for  a  ratio  of  casing  to  hammer  mass  equal  to  8  to  1,  this  loss 
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will  typically  be  about  SOU. 

In  the  continuoua  percussion  modtf  the  interval  of 
tine  between  blows  is  about  twice  the  tine  required  to  reach  aaxlwuw 
recoil  height.  If  this  condition  exists,  the  recoil  energy  in  the  casing 
Is  not  wasted  as  in  the  Interwlttent  aode,  but  Is  utilized  to  help  ac¬ 
celerate  the  haateer  for  the  nert  olow.  The  recoil  distance  is  then  only 
half  as  large  as  in  the  interwittent  node.  To  maintain  this  steady, 
efficient  node  of  percussion  requires  that  the  inpact  rate  be  matched 
to  the  reaction  force  available  according  to  the  following  relationship 
(See  Section  II  of  Appendix  F.)» 


where 


=  Reaction  force, 

N  =  Cyclic  rate , 

=  Energy  per  blow, 
M.  =  lianmer  mass  , 


lbs 

blows/sec 
in-  Ih 

lb  sec^/in 


F.fficient  energy  transfer  from  hammer  to  drill  rod  will  occur  only  if 

the  hammer  mass  is  of  the  same  magnitude  as  the  drill  rod  and  bit,  which 

is  about  5  lb  for  a  5  foot  hole  3/4"  in  diameter.  Thus,  a  hammer  mass 

of  about  2  Ibj^  appears  to  be  a  realistic  minimum.  The  minimum  energy 

per  blow  is  determined  by  the  threshold  energy  for  rock  fracture  and  is 

about  100  in-lb/in  for  grey  granite  (see  Section  II).  The  casing  mass 

will  be  of  the  order  of  16  Ib^.  Thus,  the  maximum  Impact  rate  is  about 

100  blows/min.  This  is  in  contrast  with  a  conventional  jack  hammer  which 
-  « 
operates  at  about  2000  blows  per  minute  . 

In  summary,  the  continuous  percussion  system  is  inherent¬ 
ly  more  efficient  than  an  intermittent  system.  To  operate  in  this  effici¬ 
ent  mode,  the  Impact  rate  must  be  matched  to  the  available  reaction  force. 

If  matching  is  achieved,  the  minimum  permissible  reaction  force  la  de¬ 
termined  only  by  the  allowable  recoil  distance. 


3.2.3.  As.tMi.t9f  MlfiJainltli 

Two  types  of  actuator  meehanlam  have  been  found  to  be 

*  The  results  of  tests  by  Hughes  Tool  Company  on  bn  Ingersol 1-Rand  Model 
J- lO-A  jack  hammer  operated  at  reduced  loading  showed  good  correlation 
1th  Equation  (P) .  See  Appendix  1,  "Bi-weekly  Progress  Report  No.  3", 
Lunar  Drill  Study". 


46 


feasible  for  MOon  drilling)  naiiely.  pneumatic  and  Mchanieal. 

,  The  pneumatic  system  involves  the  use  of  gas  pressure 

directly  on  the  hamster  in  the  sane. way  as  in  commercial  pneumatic  drilling 
equipment.  Gas  is  first  ported  to  the  top  side  of  the  hasener  to  acceler¬ 
ate  It  toward  the  drill  rod.  After  thehamner  strikes  the  anvil  of  the 
drill  rod,  the  gas  is  autonatically  ported  to  the  bottom  side  of  the 
hammer  to  return  it  to  the  starting  position.  When  the  hammer  reaches  its 
starting  position,  gas  is  readmitted  to  its  top  side  and  the  cycle  repeats. 
This  system  will  operate  directly  from  a  pressure-regulated  source  of  gas. 

A  mechanical  actuator  employs  mechanical  means  to 
accelerate  and  re-set  the  haasser  after  impact.  The  simplest  and  most 
reliable  mechanism  having  a  small-diameter  casino  is  a  cam-return, 
spring-actuated  one.  This  mechanism  is  discussed  In  more  detail  In 

Section  II  of  Appendix  F. 

3.3.  Tool  Advance 

Either  a  positive  feed  or  a  gravity- feed  may  be  used  to 
advance  the  porcussor  into  the  rock.  Since  a  positive  feed  would  prevent 
recoil,  it  is  ruled  out.  The  gravity  feed  Is  possible  and  requires  no 
mechanism  other  than  guide  rods?  hence,  it  is  roconunondevi . 

3.4  Chip  Removal 

In  order  to  obtain  efficient  percussion  drlllino,  the 
rock  chips  must  be  continuously  removed  from  beneath  the  bit.  If  this  is 
not  done  the  initially  large  chips  will  be  hit  again  and  broken  doom  into 
fine  particles.  This  requires  additional  expenditure  of  energy  without 
advancing  the  bit,  and  thus  the  drilling  efficiency  will  drop.  Chips 
may  be  removed  mechanically  or  by  gat  transport. 

3>4.1.  Mechanical  Cleaning 

Mechanical  cleaning  was  discussed  in  Section  II-n.4,2 
of  the  suiin  body  of  this  report  and  found  to  be  impractical.  For  the 
reason  presented  there,  plus  the  additional  coiaplicationt  introduced  by 
the  oscillating  shaft  of  a  percussion  tool,  it  is  ruled  out. 

3.4.2.  Gas  Ci.eanlng 

An  analysis  of  the  requirements  for  gas  chip  transport 
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hai  iM!«n  MadC)  including  •ttimatts  of  the  weight  of  such  a  system.  (See 
Ai^endlx  C.)  The  calculations  were  based  on  the  slse  of  chips  produced 
in  diamond,  rotary  bit  drilling.  Since  the  size  of  chips  forswd  in 
efficient  percussion  drilling  will  be  considerably  larger,  the  gas  require- 
ments  for  chip  transport  in  percussion  drilling  will  be  greater  than  the 
values  given  in  Appendix  C.  In  order  to  obtain  reliable  Information  on 
gas  requirements,  it  would  be  necessary  to  run  tests  to  determine  the 
size  distribution  and  shape  of  the  chips  produced  at  low  ia^>act  energy 
level  by  a  percussion  drill.  Such  tests  were  considered  beyond  the 
scope  of  this  study,  and  the  gas  requirement  has  been  assumed  to  be  four 
times  that  required  for  rotary  diamond  bit  drilling. 

3.5.  Bit  notation 

Effective  percussion  drilling  reqvjires  that  the  bit  be 
rotated  after  each  blow  so  that  a  relatively  uniform  circular  hole  will 

be  produced.  The  need  for  this  rotation  has  been  demonstrated  by  the 

« 

manufacturers  of  commercial  percussion  drilling  equipment.  In  these 
commercial  devices,  bit  rotation  is  accomplished  by  means  of  a  simple 
ratchet  mechanism  during  the  recoil  stroke.  'This  technique  could  also 
be  used  for  the  moon  drilling  apparatus. 

3.6.  Bit  Coollno 

In  Section  II-2,  it  was  concluded  that  the  bit  tempera¬ 
ture  levels  in  rotary  diamond  bit  drilling  would  not  be  excessive  if 
good  chip  cleaning  were  achieved  and  the  shaft  power  level  limited  to 
less  than  l/3  hp.  In  percussion  drilling,  frictional  energy  losses  at 
the  bit-rock  interface  will  be  a  small  fraction,  one  .tenth  or  less,  of 
that  of  rotary  diamond  bit  drilling.  Thus  bit  overheating  will  be  much 
less  of  a  problem  in  percussion  drilling  and  no  special  provisions  for 
bit  cooling  are  anticipated. 

4*  gitciigyiop  PriU^na  .%.chtnVfW»** 

4.1'  fiiffiOlSBiQll 

The  general  requlremants  for  a  lunar  drilling  mechanism 

•  ”Rock  Drill  Data’",  Page  52.  Ingersoll-Rand  Company,  Naw  York,  N.Y. 

**  The  tern  "mechanism**  is  used  to  denote  only  the  percussor  case,  hammer 
and  anvil.  The  term  "system"  refers  to  these  parts  plus. the  energy  storage 
source. 
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bt«n  stattd  and  discussed  in  Section  Since  the  percussion 

drill  Involves  vibratory  notion,  the  requirenent  that  the  drilling 
1 

nechanisn  nust  not  transnit  vibration  to  the  noon  capsule  deserves  special 

( 

consideration.  As  discussed  in  the  preceding  sectloni  a  percussor  can 
be  designed  which  utilizes  the  percussor  weight  to  supply  the  required 
drill  reaction  force*  The  percussor  can  than  be  freely  nounted  on 
guides  so  that  no  significant  drilling  forces  will  be  transnltted  to 
the  capsule. 


4 • 2 .  Feasible  ?erc ission  Mechanisws 

On  the  basis  of  the  discussion  given  in  Section  III  and 
the  analysis  presented  In  Appendix  F,  two  types  of  percussion  mechanism 
have  been  selected  as  feasible  for  operation  on  the  mooni  (l)  a  pneu- 
maticallv-actuated  devicet  and  (2)  a  can-driven,  mechanically-actuated 
device.  Neither  of  these  mechanisms  has  an  appreciable  weight  or 
volume  advantage  over  the  other.  {Note,  however,  that  total  system 
weights  arc  significantly  different.)  (See  Section  below.)  The 
mechanical  system  will  be  more  complex  in  terns  of  ihe  number  of  compon¬ 
ents  which  are  essential  to  its  function,  while  the  pneumatic  system  does 
not  have  positive  actuation  and  is  thus  susceptible  to  sticking  or  iamning. 
Hence,  neither  mechanism  appears  to  have  the  advantage  in  reliability. 

5*  Complete  Drilling  Systems.  Configuration  and  Weight  Estimates 

Three  percussion  drilling  systems  have  been  found  to  be  feasible, 
fro*  a  weight  standpoint,  for  moon  drilling.  They  are 

a.  Pneumatic  Actuation,  Stored  Ges  Energy  Sourcf 

b.  Pneumatic  Actuation,  Chemical  (Hot  Gas)  Energy  Source 

c.  Mechanical  Actuation,  Electrochemical  (Battery)  Energy  Source 
The  estimated  weights  for  these  systems  are  based  on  drilling  a  hole  in 
granite.  For  softer  materials  these  estimates  will  be  conservative. 

It  has  been  concluded  that  the  percussion  drill  is  competitive  with 

the  rotary  diamond  bit  for  dapths  up  to  five  feet.  Hole  depths  in  the 

range  five  to  ten  feet  are  better  done  with  a  rotary  diamond  drill,  since 

the  use  of  a  multi-piece  drill  rod  is  impractical  in  percuation  drilling* 

*  If  a  large  diameter  hole  in  thia  range  is  required,  the  percussor 
again  becomes  feasible  as  the  entire  tool  can  be  lowered  into  the  hole. 
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HoiNtv«ri  for  groattr  than  tari  faat  deep,  the  bit  dla«#ter  required 

for  diawond  drilling  Increatea  to  the  point  where  it  becoeMt  ftaelble  to 
consider  a  percussion  tool  of  SMall  enough  diameter  which  can  be  lowered 
into  the  hole.  This  study  of  percussion  drilling  was  limited  to  sanll 
diameter  holes,  l/2  to  3/4  Inch,  of  five  foot  depth. 

5.1.  Pneumatic  Actuation.  Stored-Gas  Energy  Source 

* 

Sheet  3  of  Lunar  Drilling  Mechanisms  shows  a  schematic 
diagram  of  the  pneumatic  percussion  system  which  appears  best  to  satisfy 
the  requirements  for  a  moon  drill.  The  porcussor  is  loaded  by  the  tool 
weight  only  and  the  actuation  of  the  hamner  is  as  described  in  Section 
3*2. 2. 3.  Heights  for  this  system  have  been  computed  in  Section  II  of 
Appendix  F  and  are  summarized  in  Table  II  for  a  five  foot  deep  hole. 

Table  11 
< 

Component  .ind  Total  Stored-Gas,  System  Weights 


System  Components  ' 

1/2  Inch 

DiasMter  Hole 

2AJn£h 

Diameter  Hole 

Nitrogen  Gas  plus  tank 

13.5  lbs 

30  lbs 

Percussor 

18. 

irt 

Drill  Rod  and  Bit 

5. 

5 

Guides  and  Supports 

4. 

4 

Regulator,  etc. 

3. 

3 

Total  System  Height 

43.5  lbs 

60  lbs 

The  system  considered  is  of  the  continuous  percussion 
type  (see  Section  3*2. 2. 2.)  and  would  require  approximately  2*5  cubic 
fmet  of  space  (say,  6  inch  diameter  by  6  feet  long).  A  five  foot  hole 
could  be  drilled  In  about  1.3  hours  If  the  moon's  surface  is  no  hardier 
than  granite. 

The  weight  eetimates  given  inT^le  ZI  are  believed  to  be 
conservative,  since  no  attempt  has  been  made  in  this  study  to  optimise 
system  weight  with  respect  to  all  the  pertinent  system  variables. 


*  Sheet  3  i*  st  the  end  of  this  Section  III. 
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5.2.  Pncuwatlc  Actuation.  Hot  Gag  Energy  Sourct 

If  the  stored  gas  supply  tanks  in  the  schematic  diagram 
of  Sheet  3  were  replaced  by  a  hydrazine  generator,  the  system  would 
represent  a  hot-gas  pneumatic  actuator.  In  Section  1  of  Appendix  F,  a 
schematic  diagram  of  the  gas  generator  is  presented  along  with  design 
considerations.  The  hot-gas  generator  has  a  substantial  weight  advant¬ 
age  over  the  stored  gas  eupplyi  it  weighs  S**!  pounds,  compared  with  30 
pounds  for  a  stored  gas  energy  source  for  drilling  a  five  foot  hole 
having  a  3/4  inch  diameter.  However,  since  the  hot  gas  (1960°  R)  cannot 
be  used  for  chip  removal,  a  separate  stoired  gas  chip  cleaning  system 
must  be  provided.  The  weights  of  the  other  components  are  the  same  as 
in  the  stored  qas  pneumatic  system.  The  system  weight  is  liitmd  In 
Table  Ill  for  a  five  foot  hole. 


Table  III 

Component  and  Total  Hot-Gas  System  Weights 


System  Components 


i/2  Inch  Diaaieter  3/4  Inch  Diameter 


Hydrazine  Gas  Generator  4*5  5.5 

Chip  Transport  System  2  2 

Percussor  18  18 

Drill  Rod  and  Bit  5  5 

Guides  and  Supports  4  4 

Regulator,  etc.  3  3 

Total  System  Weight  36.5  lbs  37.5  lbs 


The  substantial  weight  advantage  of  the  hot-gat  system 
over  the  stored-gas  system  is  effectively  nullified  by  other  considerationst 

a)  the  probably  unreliability  of  such  a  system 

b)  difficulties  associated  with  a  high-teaiperature  working  fluid 

c)  the  great  amount  of  effort  and  cost  required  for  the  develop¬ 
ment  of  3  hot-gas  system. 


5.3  Mechanical  Actuation.  Battery  Energy  Source 

s 

Sheet  4  of  Lunar  Drilling  Mechanisms  shows  an  artist's 


*  Sheet  4  i*  at  the  end  of  this  Section  III. 
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conception  of  «  mechanically-actuated  percuscor  which  is  drivfn  by  a 
storage  battery  and  an  electric  motor.  The  motor  drives  a  splined  shaft 
through  a  gear  train.  The  shaft  In  turn  rotates  the  hawser  which  has  a 
cam  follower  attached  to  U.  As  the  hawser  rotates,  the  can  follower 
moves  up  along  the  cam  surface  displacing  the  hammer  upwards, compressing 
a  spring.  After  180°  rotation  of  the  shaft,  the  cam  surface  ends 
abruptly, allowing  the  spring  to  accelerate  the  hawser  dosmwards  toward 
the  drill  rod  anvil.  After  the  Impact  between  hasmer  and  anvil,  the 
cam  folloswr  again  engages  the  cam  and  the  cycle  repeats. 

Many  other  isethods  of  mechanical  actuation  are  possible 
in  addition  to  the  scheme  chosen  here,  but  their  weights  would  be 
comparable.  This  is  because  the  total  percussor  weight  is  determined  by 
the  reaction  force  requirements  and  may  be  apportioned  between  casing, 
electric  motor,  etc.  in  anyway  desired. 

The  components  and  total  system  weights  for  the  mechanic¬ 
ally-actuated  system  aregiven  in  Table  IV.  Approximately  4  hours  would 
bs  required  on  the  moon  to  drill  a  3/4  inch  diameter  hole  five  feet  deep 
in  rock  similar  to  granite.  The  approximate  volume  required  is  about  one 
cubic  foot,  exclusive  of  batteries. 


Cowponent"lind  Total  Mechanicallv-Actusted  System  Weights 


Syftgff  gpBBgpeptf 

1/2  InpJ)  ‘ 

J/LInslLBlsm 

Battery 

1.1 

2.5 

Pereuaaor  (inciudea 

Motor  and  Gearing) 

18.0 

18.0 

Chip  Transport  System 

2.0 

2,0 

Guides 

4.0 

4.0 

Drill  Rod  and  Bit 

5.0 

5A) 

Miscellaneous 

3.0 

3.0 

Total  System  Weight 

33.1  lbs 

34.5  lbs 

5*4  Discussion  of  Mechaftlsms 

Of  the  three  possible  percussion  drilling  systems  deeSMd 
feasible,  a  mechanically-actuated  device  driven  by  an  aleetrle  motor  and 
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batttrits  appears  to  be  best.  Although  the  mechanical  system  has  no 
appreciable  pelght  advantage  over  the  pneumatic,  hot-gas  system,  the  latter 
is  likelyto  be  less  reliable  and  will  require  more  development  work.  Hence, 
it  is  ruled  out  of  consideration.  The  mechanical  system,  while  having  no 
great  reliability  advantage  ov.er  the  pneumatic,  stored-gas  system,  has  a 
substantial  weight  advantage!  hence,  it  looks  best. 

It  should  be  possible  to  desion  an  electromechanical 
percussion  drill  system  for  moon  drilling,  which  would  weigh  less  than 
thirty-five  pounds  and  which  could  drill  a  hole  1/2  to  3/4  Inch  diameter 
by  five  feet  deep  in  granite-like  rock  in  approximately  four  hours  time. 

This  system  should  transmit  essentially  ^ero  vibration,  or  force,  to  the 
noon  capsule.  By  adequate  shielding  of  the  motor,  the  generation  of  R-F 
noise  could  be  eliminated.  The  rate  of  penetration  of  this  drill  could 
be  measured  to  give  an  indication  of  ttie  formation  heinq  drilled. 

6.  .  In  Conclusion 

This  study  of  percussion  drilling  has  shown  that  the  method  Is 
faasible  for  drilling  a  hole  on  the  moon.  Two  types  of  percussion 
mechanism  have  been  found  to  be  suitable: 

a)  An  electro-mechanical  type  which  would  weigh  about  thirty- 
five  pounds  and  could  drill  a  hole  ,1/2  to  3/4  Inches  In 

diameter  by  five  feet  deep  in  granite  In  about  four  hours 
time. 

b)  A  pneumatically-actuated  (stored-gas  source)  percussor 
which  would  weigh  about  forty-five  pounds  for  a  1/2  inch 
diameter  hole  and  about  sixty  pounds  for  a  3/4  inch 
diameter  hole  in  granite,  both  holes  being  five  feet  deep. 

The  pneumetlc  system  would  be  slightly  less  complicated  than  the 
mechanicei  system  but  would  have  no  reliability  advantage  because  it 
provides  a  less  positive  actuation  of  the  hammer. 

The  conclusions  reached  have  been  based  upon  a  limited  analytical 
study  and  a  ainiSHim  of  experimental  data.  In  order  to  reach  a  final 
choice  regarding  the  best  system,  additional  work  should  be  done  In 
the  following  areas t 

a)  The  threshold  energy  required  for  efficient  drilling 
should  be  investigated  experimentally,  at  very  low 
ambient  pressures,  in  the  range  of  blow  momentum 
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•intlclputed  for  the  noon  drill  oyeten, 

b)  The  specif le  energy  of  the  rock,  ^  ,  should  be  yerifled 
experlsKtttelly  at  loir  pressures.  A  value  of  ■  ^0,000 
Ib/ia^  was  assuned  in  this  study. 

e)  The  chip  resxival  system  should  be  studied  in  more  detail, 
analytically  and  experimentally. 

d)  Detailed,  optimised  meehsuaical  designs  of  the  percussor 
should  be  prepared. 

e)  The  problem  of  seals,  bearings,  and  lubricants  for  use 
in  the  smtlcipated  environment  should  be  Investigated. 

Ifone  of  the  above  Items  appears  to  present  an  Insurmountable  problem. 
Essentially  the  same  conclusion  vas  reached  regarding  the  diamond  rotary 
rig  vhlch,  however,  had  a  possible  limited  bit  life  prablem.  Thus,  a 
more  thorough  investigation  is  required  before  a  positive  decision  can  be 
made  regarding  the  superiority  of  percussive  or  rotary  drilling  for  making 
a  hole  in  the  moon.  Prom  the  present  study,  however,  It  appears  that: 

a)  for  holes  less  than  five  feet  deep  and  l/?  Inch  diameter, 
the  mechanical  simplicity  of  the  rotary  system  and  low 
system  weight,  a  rotary  system  with  a  diamond  bit  should 
be  chosen. 

b)  For  holes  larger  In  diameter  (3A  inch  to  U  inches)  the 
percussor  appears  to  be  slsqjler,  more  reliable,  does  not 
depend  on  noon  vehicle  for  weight  to  apply  to  bit  and 
lighter  In  weight. 

From  the  above  discussion  and  that  given  In  Section  II  -  5  it  is  apparent 
that  on  the  basis  of  thr>  preliminary  studies  the  pnexunatlc  percussion 
drill  Is  superior  for  diameter  and  depth  limitation  for  the  first  eraft. 


Further  inveetigation  of  the  problea  areas  outlined  la  Section  II  >  5  end 
III  >  37  nay  bear  out  this  conclusion,  or  my  swing  the  balance  to  another 
tool. 

Thus,  it  is  reeomnBnded  that  fiurther  work  be  undertaken  to  more 
coBpletely  evaluate  these  systems  before  a  final  selection  Is  made. 
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1.  Various  Mathods  of  Crgattng  Thruit 

If  the  drilling  Method  enploys  a  rotary-type  tool  (e.g.,  roller- 
cutter$»  dloMond  bits  or  augers),  sone  provision  Must  be  Made  for 
loading  the  bit.  The  thrust  required  depends  on  the  type  of  cutter 
used;  l.e.,  a  dlaMond  cutter  is  a  loM-thrust,  high-speed  tool,  while 
a  roller  cutter  is  a  high-thrust,  Ios»-speed  tool. 

Several  techniques  may  be  used  to  provide  thrust,  such  as:  (a) 
the  weight  of  the  package,  (b)  the  reaction  thrust  produced  by  expand¬ 
ing  a  high  energy  gas  through  a  nozzle,  and  (c)  soMe  Means  of  "anchor¬ 
ing"  the  package  to  the  OMon's  surface,  e.g.,  an  explosive  Isibedawnt 
anchor;  or  using  side  thrust  against  the  walls  of  a  partially  drilled 
hole.  Until  more  complete  knowledge  of  the  composition  of  the  noon's 
surface  is  available,  only  the  first  two  methods  will  be  considered 
here . 

2 .  Weight  of  the  Package 

The  estimated  earth  weight  of  the  package  is  about  <iUO  pounds, 
hence  its  moon  weight  will  be  about  100  pounds.  Since  the  center- 
line  of  the  bit  cannot  be  located  at  the  center  of  mass  of  the 
package,  only  a  fraction  of  this  weigiit  will  be  available  for  loading 
the  bit.  If  the  Mass  of  the  package  is  symmetrically  distributed 
about  Its  geometrical  center  (l.e.,  If  its  center  of  mass  coincides 
with  Its  geometrical  center),  the  available  thrust  will  be  one 
half,  or  more,  of  the  package-weight.  Thus,  for  purposes  of 
estimating  drill  performance,  the  available  thrust  may  be  assumed 
at  fifty  pounds. 

3 .  Reaction  Thrust 

Thrust  nay  bw  produced  by  expanding  a  high-energy  gas  through 
a  nozzle.  Figure  A-1  shows  the  mass  flow  requirements  for  a  hot 
gas  (produced  by  burning  a  solid  propellant,  OMAX  448A) to  develop 
various  magnitudes  of  thrust.  The  earth  weight  of  the  required  fuel 
may, be  obtained  by  nultlplyinq  the  mass  flow  requirements  by  the 
tis»  interval  during  which  thrust  is  desired. 


HO.  340H-aO  OICTXaCM  OHAPM  7*f>cn 

20  X  20  •»t»e  IWCH  CUOCMC  Dir^r 


A-4 


Th«  r«fultt  plotttd  in  Figure  A-1  were  cribteined  fro«  tollvn^ 
ihg  thruct  end  Mtc  flow  equations  for  a  nozxle*t 
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and  =  pressure*  psja,  and  taaperature,  R,  of 
the  generated  gas. 

P  B  aabi^nt  pressure*  psla 

-  cross'sectlonal  ares  of  nozzle  throat*  ft' 
k  ^  ratio  of  specific  heats  of  the  gas. 

Wp  =  mass  flow  rate  of  propellant  gas* 
slugs/second. 


R  =*  gas  constant*  ft  Ib^/slug/^R. 
Elng  that  P^/Pg  = 

(A-1)  and  (A-2),  yields 


(A-1) 


(A-2) 


Recognizing  that  P^/P^  *  0  on  the  moon,  and  combining  Equations 
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(A-3) 


For  a  given  gas  and  operating  temperature  (T^) *  Equation  (A-3) 
states  that  the  available  thrust  la  directly  proportional  to  the 
mass  flow  rate  of  gas.  The  gas  generated  by  burning  OMAX  448A 
has  a  k  of  1.29  and  R  of  2510  ft  Ib^/slugs  ^R.  Aesuning  at 
25DO°R,  Equation  (A-3)  becomes 


"^max  “  25uO^R)  a  7460  w^ 


(A-4) 


*  See*  for  exeaiple*  page  102  of  "The  Dynamlca  and  Thermodynamics  of 
Compressible  Fluid  Flow"  by  A.H.  Shapiro.  The  Ronald  Press  Company* 
New  York/ 
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For  oxaapltt  to  produeo  235  pounds  of  thrust,  th«  rtquSrod 
flow  rat*  is  sr  O.03I  slu9s/s«c.  If  the  drilling  tool  operates  for 
one  hour,  the  total  earth  weight  of  fuel  Is  about  3600  pounds.  The 
MOon  weight  will  be  600  pounds  which  wight  wore  effectively  be  used 
directly  to  load  the  tool. 
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'1.  Introduction 

Sinct  most  of  the  power  required  for  diamond  bit  drilling  is 
converted  into  heat  at  the  drill  bit,  some  means  is  usually  provided 
for  cooling  the  bit  to  limit  operating  temperatures.  The  usual  coolant 
ll  a  circulating  fluid,  e.g.,  water.  However,  there  are  other  heat 
sinks  which  can  help  to,  or  perhaps  solely,  dissipate  the  heat  in  the 
moon  drill  application.  The  possible  heat  sinks  aret 

a)  Heat  flow  into  the  surrounding  rock 

b)  Heat  flow  info  the  drill  stem 

e)  Radiation  from  the  drilling  mechanism 
d)  Heat  flow  into  the  drilled  material,  i.e.,  the  chips 
which  are  formed  and  which  leave  at  a  high  temperature 
•)  Heat  transfer  to  a  circulating  fluid 
Even  though  there  may  be  no  circulating  fluid,  the  other  sinks 
will  be  available.  Since  their  interaction  is  compl icated, an  estimate 
will  be  made  of  their  heat  absorption  capacity  as  if  each  were  present 
alone.  Then  an  attempt  will  be  made  to  draw  some  conclusions  regarding 
the  temperature  levels  at  the  bit. 

2.  Capacity  of  the  .Heat  Sinks 

2.1  Heat  Flow  into  Surrounding  Rock 

Since  the  rock  at  great  distances  I rom  the  drilled  hole  is  at 
a  low  temperature,  part  of  the  heat  generated  af  the  bit-rock  interface 
will  be  conducted  into  the  rock.  The  temperature  rise  in  the  rock  will 
be  small  everywhere  except  near  the  drilled  surface.  To  get  an  estimate 
of  the  heat  capacity,  it  will  be  assumed  that  all  the  shaft  power  ooes 
Into  the  rock.  Furthermore,  the  rock  will  bo  approximated  as  a  semi- 
infinite  SMdlum  with  a  hemispherical  hole  through  wt.ich  a  constant  heat 
flux  (e^uel  to  the  shaft  power)  passes  as  represented  by  Figure  B-l(a). 
After  the  hole  hes  been  partially  drilled,  the  actual  state  of  affairs 
will  be  as  in  Figure  B-l(b)  ,  i.e.,  the  mass  of  rock  above  the  local 
level  srlll  also  absorb  considerable  heat.  Hence,  the  answer  obtained 
by  this  approximation  will  yield  local  surface  temperatures  which  are 
sdmswhat  higher  than  the  actual  ones. 

Since  there  is  a  finite  number  of  diaawnd  points  on  a  bit. 


Holt 

•Rock  Rock 

(a)  (b) 


th«  htat  It  gtntrated  by  a  small  percentaae  of  the  hemi'spher ical  bit 
area.  Tht  rock  surface  will  be  at  some  avcraqe  temperature  which  Is 
dtltmlned  by  the  total  heat  flux,  rock  properties,  and  hole  iiameter. 
Thit  average  temporeturo  will  exist  everywhere  on  the  surface  except 
in  the  immediate  vicinity  of  tfie  -iidmond  points.  The  temperature  nt 
the  diamond  points  (local  hot  spots),  which  is  above  the  average  rock 
surface  temperature,  is  detcmined  by  the  requirement  that  a  fraction 
of  the  total  generated  heat  has  to  pass  through  each  diamond  point  that 
is  in  contact  with  the  rock.  The  diamond  temperature  js,  ti.us,  the  sum 
of  the  average  rock  interface  temperature  and  the  local  temperature 
rise.  Both  of  these  are  evaluated  below. 


2.1.1. 


^ock  Surface  Temperature 


Consider  a  hemispherical  surface  of  radius,  a,  in  a  semi¬ 


infinite  solid  with  a  constant  iieat  flux  Q  (which  is  equal  to  the  shaft 

5 

horsepower,  hpg,  divided  by  the  surface  area  of  the  hemisphere).  This 
is  illustrated  in  Figure  B-2.  The  differential  equation  for  unsteady 


heat  flow  in  this  case  is 


(B-1) 


i: 


dr 


o  =  q  =0  2i»a  v”r~/ 
s  ^r=a  6  hr 


Q-  = 


25U  hp„ 

i;rT^ 


Heat  Flow  from  HaaltphTlcal  Surface  Into  Semi- inf i nite  aolid 

Figure  B-2 


Th*  boundary  condition#  are 


whore 


e  <  0  T  (r,0)  s  0®F 

©  >  0  q  (a,©)  a  q^  =  constant 

T  =  Teioparature  at  a  point  in  the  rock 
r  »  Radial  distance 
a  -  Tiioe 

V 

=  thermal  dl f fusi vi ty 
K  =  Thermal  conductivity  of  rock 
P  *  Density  of  rock 
C  s  Specific  heat  capacity  of  rock 


('’F  or 

(ft) 

(hr) 

(ftVf'.r)' 
(BTU/hr  ft  °F) 
db^ft") 
(BTU/lb  °F) 

TD 


The  solution  of  the  temperature  distribution  for  time# 
©  >  0  i# 

-2  .  _ _ 


where 


trfc  (5^^)  -  Tfc 
erfc(x)  «  1  -  erf(x)  *  1  -  J" 


\  t  r-a  ,  o<  9\ 
a 


K  2 

e  dx 


(B*3) 


(B-2) 
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iFor  values  of  6,  E<)uation  (B>2)  becomes 

.2  r 


V 

K  r 


1  ^  r-a  . 

^  FTSrs  ♦ 


2  a 


(B-4) 


and,  at  G  — Oo 
2 


T  = 


(B-5) 


which  it  the  steady  state  temperature  distribution.  In  particular  at 
the  surface  of  the  rock,  where  r  s  a 


Q.  a 

(T  )  c  JL- 
'*ss'a  K 


(B-6) 


The  ratio  of  the  steady  state  temperature  at  any  point  to  that  at  r  = 
T. 


ss  _  a 

70“  r 


(B-7) 


ss: 


Equation  (b-7)  shows  that  the  rock  temperature  falls  off  rapidly  from 
that  at  the  bit-rock  interface. 

The  temperature  at  the  rock  surface  at  any  time  0  is  found 
from  Equation  (B-2)  by  setting  r  *  a.  Thus, 


<f^>  =  ‘  -  vV  7^) 


r=a 


'  1  .  +  .... 

4(<XG)^ 


which,  when  G  is  large  but  not  infinite,  becomes 


8  6  _ 

,  r=a 

Equation  (B-9)  is  plotted  as  Figure  B-3  for  two  values  ot  K.  If  the 
steady  state  temperature  is  too  high,  this  relationship  may  be  used  to 
determine  the  safe  running  limes  for  a  cyclic  dri 11- stop-dr : 11  mode  of 
opsration.  An  example  is  given  below. 

Equation  (B-7)  Is  plotted  as  Figure  B-4  to  show  the  steady 
state  temperature  as  a  function  of  the  shaft  horsepower.  For  example, 
if'K  =  2  BTUAr  ft  ®F  and  a  =  1/2  inch,  the  curve  K  =  l/24  BTU/hr  °F 
shows  *  1950  for  a  shaft  horsepower  of  0.2.  If  it  is  desired  that 


a  is 


(B-8) 


ao  K  20  ^CR  INCH 


0  * 

th«  bit  tMpvrature  b«  liaitad  to  say  13CX;  F,  the  time  of  operation  may 
*  be  detexeiineci  froa  Figure  B-3  as  15  ainutes  by  noting  that  (tAss^j— a  “ 
1500/i950*  Hence*  after  operating  for  15  minutes  the  bit  must  be  stopped 

and  aXioaed  to  cooX  down. 


2.1.2.  Local  Hot  Soots 

( 

The  above  results  indicate  what  the  rock  surface  temperature, 
aed  hence  the  bit  temperature,  would  be  if  the  heat  is  generated 
unifoxaly  at  all  points  of  the  rock  surface.  In  fact,  however,  the 
heat  Is  generated  at  a  finite  nuaber  of  points,  namely,  at  the  diamonds. 

The  local  teaperature  near  these  points  will  be  higher  than  the  average 
surface  teaperature.  The  transients  associated  with  this  problem  are 
very  ehort,  of  the  order  of  a  few  seconds.  The  maximum  steady- state 
local  teaperature  rise  is  given  by 


^^local 


(B-10) 


where  I 

AT 


local 


% 


=  Maximum  local  temperature  rise  above  the 

average  rock  surface  temperature 
2544  hpR 

=  - - — 3  Heat  flux  per  diamond 

n  Ap 

=  Shaft  horsepower 


n 

2  1 
V 


(2  1  )' 


(A) 

(BTlJ/hr  ft^) 
(hp) 

(-) 

(ft") 

(ft) 

( ft,/ sec) 


=  Number  of  diamonds 
=  Contact  area  of  diamonds 
=  Length  of  "square"  diamond  contact  area 
-  Velocity  of  diamond 
The  other  symbols  have  the  same  meaning  as  previously  used. 

Assuming  1  =  1/64",  C<  ~  0.0281  ft^/hr,  V  =  2.0  ft/sec 
(corresponding  to  a  diamond  1/4"  from  center  of  bit  rotating  at  900  rpm) , 
Equation  (B-IO)  becomes 


AT 


local 


■  11.4  X  10 


(B-ll) 


If  the  number  of  diamonds  is  assumed  as  n  =  100,  the  heat  flux  per 
diamond  becomes  (3^^=  37.5  x  1C  ^  hp^^  andi 

*  The  local  temperature  rise  must  be  accounted  for.  In  the  following 
section  it  is  shown  that  this  is  small,  but  if  it  were  say  500°F ,  then 
TA..  ■  1000/1950. 

nn  *  ® 

E.L. Foster,  ScD  Thesis,  May  17,  1954,  Massacfuset ts  Institute  of 
Technology. 
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(B-U) 

Equ«trior)  (B>12}  Indicates  that  the  local  temperature  rise  will  be  small 
compared  to  the  rock  surface  temperature. 


2.2  Heat  Flow  Into- the  Drill  Stem 

Since  the  conductivity  of  diamond  bits  and  steel  are  rela¬ 
tively  high,  an  approximate  calculation  for  the  heat  capacity  of  the 
drilling  mechanism  Is 


or 


q^e 


J5UhpAe.«C,ziI,,„ 


where 

m  3  Mass  of  drill  stem 

=  Specific  heat  capacity  of  drill  stem 
=>  Temperature  rise  in  drill  stem 
/L  0  *  Time  interval  for  ^  T  .  ^ 

T  1  Se  ^ 

BTU 


hp  a  Shaft  horsepower 


If  m  a  10  lb  and  C„  =  0.15 


lb  OF 
m 


AT 


lilS_  - 


AO 


«  1700  hp 


{B-13) 

(B-13a) 


(Ibj 

(BTU/lb„°F) 
(®F) 

(hr) 

(hp) 


(B-U) 


Thus  if  the  shaft  power  is  0.1  hp,  there  will  be  a  170  F  temperature 
rise  each  hour,  if  all  the  h<»at  goes  into  the-drill  stem. 


2.3  Radiation  from  the  Drilling  Mechanism 

If  the  drill  stem  gets  hot  it  will  radiate  to  the  relatively 
cold  rock  walls.  The  governing  equation,  assuming  black  body  radiation 
with  emissivity  equal  to  1,  is* 


q  =  0.173  a‘ 


T  4  j  4 
fJL.)  _  (_R_) 

'  100^  '  lOO' 


or,  the  heat  radiated  per  foot  of  shaft  is.- 


(B-15) 


f.  0.173*  d/ 


(-!_)  .  (JL.) 
'lOO'  '100'' 


(B-15a) 


*  McAdams,  II.H.,*3i«at  Transmission",  2  ed.,  McGraw-Hill  Book  Co.,  Inc., 
p.52. 
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where: 

q  e  Heat  rate 

L  «  Shaft  length  exposed  to  rock 

D  . »  Shaft  diameter 

s 

=  Shaft  tempe^ture 
Tp  =  Rock  temperature 

If  T  *  1500®R,  To  “  500°R  and  D  =  l/24  ft, 

8  K  S 

L '  “  (hr^>  = 

If  =  2000®R, 

I  ■  U.8  X  lO'^  (^)  {B-I6a) 

Hence,  for  a  five  foot  length  of  shaft  the  amount  of  heat  that 
could  be  diaalpated  (at  T  «  2000 °R)  is  about  .074  hp.  From  Equation 
(B-14)  »  if  the  shaft, povfer  input  la  0.1  hp,  the  temperature  of  the  stem 
after  about  10  hours  of  operation  will  be  approximately  1500'^F  or  2000°R. 
Thus,  It  appears  that  a  good  fraction  of  the  input  heat  could  be  dissi¬ 
pated  by  radiation  If  the  power  Inputs  are  low. 

Note,  however,  that  It  Is  highly  undesirable  to  let  the  shaft 
tewperature  rise  much  above  500^F.  Hence,  both  this  sink  and  the  previous 
one  were  Included  only  for  completeness.  The  physical  connection  between 
the  bit  and  shaft  should  be  such  that  the  resistance  to  heat  flow  is  high 
compared  to  that  into  the  rock. 


(BTU/hr) 

(ft) 

(ft) 

(oR) 

(°R) 


2.4-  Heat  Flow  into  the  Drilled  Material 

The  heat  absorption  capacity  of  the  drilled  material  is 


q=-RC^AT*  PrAjP^CrAT  ■ 
where  t 

Wp  =  Rate  of  generating  rock  chips 
Pp  *  Rock  density 

fl  ^ 

or' hole  cross-sectional  area 


(S-17) 


( lb  /hr) 
(lb  /ft^) 
(fO 


•  ii^WWifiill 
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=  Bit  penetration  rate 
Cp,  =  Specific  heat  caoacity  of  rock 
AT  =  Teaperature  rise  of  rock  chips 


( ft/hr) 
(BTU/lb 


If  the  rock  ciilps  are  .lesumeH  to  leave  after  a  10CX)®F  temperature  riae* 


then 


q  =  0.074  Dq  P  (hp) 
a  r 


(B-18) 


where 

D_=  bit  diameter  expressed  in  inches. 

O 

From  Figure  5  of  the  main  body  of  this  report,  the  horsepower 
required  for  drilling  is 

hp.  , ,,,  =  0.667  D_^  P  (B-19) 

^drilling  B  r 

Thus  about  10%  of  the  heat  input  can  be  dissipated  ir  this  way  if  the 
chip  temperature  rise  is  100C°F;  and  about  2J%  if  the  rise  is  2C00°F. 
Of  course,  good  chip  cleaning  is  essential  for  this  sink  to  function 
properly. 


2.5-  Heat  Transfer  to  a  Circulating  Fluid 

If  air  is  used  as  the  circulatina  fluid,  the  minimum  mass 
flow  rate  required  to  absorb  a  given  heat  flux  is  set  by  the  First  Law 
of  Thermodynamic 5  as 


q  =  w.  C  (  T) 

^  A  p  ri I 


(r^-2C) 


If  at  =  1000  F, 


=  10.6  hpg  (ib^hr)  (B-21) 

Thus,  the  air  mass  flow  requirements  get  to  be  largo  compar'’'^  wha^ 

is  required  for  cleaning,  (see  Appendix  C) .  If  the  power  input  is 

0.1  hp,  the  air  flow  required  is  1.06  Ib^hr.  For  10  hours  operation, 

the  air  mass  needed  is  10.6  lb  .  As  mentioned  above,  this' is  the 

m 

minimum  air  rate;  in  general  a  higher  rate  is  necessary  to  achieve  the 
required  heat  tran8|«er  coefficients. 
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3  •  Discussion 

The  foregoing  analysis  of  the  heat  capacities  of  the  various 
heat  sinks  indicate  that  their  coeibined  capacity  is  adequate  to  limit 
the  bit  tetsperature  to  something  under  1500°F,  provided  that:  (l)  the 
sheft  power  input  does  not  exceed  l/3  hpj  and  (2)  good  chip  cleaning  is 
accoeiplished .  This  power  limitation  appears  to  pose  no  problem  when 
compared  to  the  expected  poster  levels  and  penetration  rates  anticipated 
for  grey  granite.  (See  Figures  2  through  6  in  Section  II  of  the  main 
body  of  this  report.) 


APPENDIX 


CHIP  TRANSPORT 


i 
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Introduction 

A  ■ajor  problon  In  rotary  (diaaond  bit)  or  ptrcjssiv^  drolling 
is  chip  reaoval  from  the  bottom  of  the  hole  to  permit  the  tool  to 
engage  virgin  surface.  Chips  may  be  removed  from  the  hole  by:  (l) 
gas  transport)  (2)  mechanical  means,  e.g.,  screw  conveyor;  (3)  d 
c-o«blnatlon  of  these)  e.g.,  a  screw  conveyor  with  gas  flow  to 
"lubricate"  the  particles.  The  requirements  and  problems  associated 
with  gae  transport  of  chips  produced  by  a  diamond  bit  are  examined  in 
this  appendix. 

The  ultimate  purpose  is  to  determine  the  gas  flow  system  require¬ 
ments,  i.e.,  what  total  mast  of  qas»  storage  tank,  and  accessories  will 
be  required.  These  will  depend  on  the  size  of  particles  produced,  the 
size  of  hole  to  be  drilled,  the  rate  of  penetration,  the  type  of  gas 
used,  the  operating  density  of  the  gas,  etc. 

The  analysis  presented  below  Indicates  that  if  the  particles  are 
small,  say  .01"  diameter,  and  the  gas  density  is  low,  the  drag  force 
on  the  particles  will  be  independent  of  the  aas  ■lenslty-a  consequence 
of  operating  in  the  Stokes  flow  regime.  Thus,  the  drag  force  will  be 
a  function  of  or.ly  the  relative  velocity  between  gas  and  particles; 
and  tre  gas  density  can  be  reduced  to  whatever  value  that  can  be  control¬ 
led  readily,  i.e.,  whatever  value  of  pressure  that  can  benalntained  in 
the  transport  line.  Hence,  If  the  reolme  of  operation  is  Stokes  flow, 
the  gas  mass  flow  rate  can  be  reduced  by  operating  at  reduced  pressures 
and  the  required  fixed  volume  flow  rate.  However,  a  lower  limit  on  gas 
density  will  bo  set  by  the  requirement  thut  the  me<in-frew  path  of  tiie 
molecules  shouln  not  get  so  l..rqe  thut  ' '  regime  of  fluid  dynamic  oper¬ 
ation  changes  from  a  continuum  to  highly  rarefied.  Another  limitation 
is  to  prevent  the  solids  from  "loading’’,  i.e.,  the  mass  of  solids  per 
unit  volume  of  space  should  stay  below  certain  limits  as  required  by 
flow  stability  conslderat Ions .  These  and  other  considerations  are 
examined  in  the  following  sections. 

2.  Stability  and  Loading  of  the  Gas  Stream 

iW.C.  Bauer*  and  others  have  reported  *hjt  in  dilute  phase  vertical 
up- Iranspor t  the  solid  pcjrticles  are  by  r.o  means  evenly  distributed 
through;  the  gas.  Rather,  the  particles  seem  to  be  gathered  into 


•Bauer,  W.C.,  ScD  Thesis,  .Massacr  usetts  Institute  of  Technology,  (1949). 
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streamers,  which  fluctuate  in  location  in  the  stream.  Furthermore, 
there  is  a  limitation  on 'the  quantity  of  sol'lds  that  may  be  carried  per 
unit  volume  of  gas.  If  this  limit  is  exceeded,  the  flow  is  no  longer 
smooth  and  continuous  but  "slugs",  the  slugging  phenomenon  is  charac¬ 
terized  by  alternate  "packets"  or  slugs  of  particles  and  gas  moving  up 
the  pipe.  These  packets  span  the  diameter  of  the  tube  and  may  be  from 
one  to  several  diameters  in  length.  For  each  gas  velocity,  there  is  a 
maximum  solids  rate  (i.e.,  loading  of  solids  in  the  gas  stream)  above 
which  sluoging  will  occur.  If  there  is  sufficient  pressure  drop 
available  in  the  carrier  gas,  the  solids  can  be  transported  in  the 
slugging  phase.  However,  this  Is  a  very  inefficient  mode  of  operation 
from  the  point  of  view  of  gas  power  requirements. 

Tne  phenomenon  of  slugging  Is  not  completely  understood. 

Among  other  things,  the  effect  of  particle  spacing  on  the  drag  coef- 
,  ficlent  is  probably  critical.  If  the  particles  are  sufficiently  far 
apart,  as  in  very  dilute  phase  transport,  the  drag  coefficient  may  be 
calculated  from  single  particle  consideration.  As  the  particle  spacing 
decreases,  the  fluid  flow  pattern  around  a  particle  is  affected  by  the 
presence  of  neighboring  particles:  the  drag  coefficient  increases  (con¬ 
tinuously?)  with  decreased  particle  spacing.  For  the  two  extreme  modes 
(i.e.,  particles  very  far  apart  or  almost  toucfiing),  drag  coefficient 
information  is  available.  Because  of  experimental  difficulties  in 
producing  stable  flows,  and  analytical  complexity,  the  intermediate 
range  is  uncharted.  However,  that  need  not  be  considered  here  since 
the  transport  system  will  be  designed  to  operate  in  the  dilute  phase, 
using  information  from  workers  like  Bauer  to  specify  the  limits  of 
loading  that  cannot  be  exceeded.  Figure  C-1,  reproduced  from  Bauer,  is 
just  such  a  limit  chart.  Before  this  chart  is  examined  in  detail,  con¬ 
sider  some  of  the  continuity  requirements  u;  the  transport  process. 

3 .  Continuity  Considerations 

Consider  a  hole  being  drilled  by-  a  diamond  bit,  of  diameter  D^, 
which  is  driven  by  a  shaft  of  diameter  D^,  as  in  Figure  C-2.  Call 
the  hole  cross-sectional  area  .md  the  annulus  area  A,^ .  Define  the 
'  "spatial"  or  "apparent"  density  of  the  so  1  id' pa rt i c le s ,  pp,  as  the 
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mast  of  particlet  per  unit  volume  of  space;*  and  the  penetration  rate 
of  the  drill  at  P^.  Then  from  solids  continuity,  the  flow  rate 
of  solids  up  the  annulus  must  be  equal  to  the  rate  of  generation  of 
particles  at  the  drill  rock  interface. 


Thus , 

f’u  ^  N  =■  P.  % 


(C-1) 

(C-2) 


wfrere  R  is  the  mass  flow  rate  of  solids  per  unit  area  up  the  annulus, 
V  is  the  velocity  of  the  particles,  P  is  the  true  solids  density, 

S  »  6  ’ 

and  p  =  Dg/D^.  From  Equation  (C-2) 

*  f-  R  (C-3) 


•Note,  Pq  is  related  to  (but  not  equal  to)  the  true  solids  density,  p  , 
by  the  "voidage"  factor,  5  •  Thus,  p  =  (1-6)  P  •  The  voidage  is  * 
the  void  volume  expressed  as  the  fraction  of  the  Ipace  not  occupied  hy 
solid  particles.  6«1  indicates  large  particle  spacing. 
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Thus,  in  Flgur*  C-1  th«  slop*  of  the  curves  for  constant  gas  velocity, 
V^,  represents  the  reciprocal  of  the  solids  velocity.  The  curves  for 
the  higher  gas  velocities  are  straight  lines,  whereas  the  one  for 
a  8.41  ft/sec  has  varying  slope  and  thus  varying  solids  velocity. 
Using  Figure  C-1  and  Equation  (C-3) ,  the  solids  velocity  for 

a  10.9  ft/sec  is  a  2.7  ft/sec,  yielding  a  relative  velocity 
V  e  8.2  ft/sec.  Siwllarly,  for  V  =  13.42  ft/sec,  =  ^.32  ft/sec 
and  the  relative  velocity  is  =  8.1  ft/sec.  This  indicates!  (l)  the 
drag  coefficient  is  a  function  of  relative  velocity  only;  and  (2)  that 
the  drag  coefficient  does  not  vary  significantly  for  the  range  of  solids 
loading  considered.  For  the  curve  marked  =  8. 41  ft/sec,  the  slope 
varies,  increasing  at  the  higher  loadings.  This  implies  that  the  solids 
velocity  decreases  at  higher  loadings.  Probably  this  variation  is  due 
to  experimental  errors  or  difficulties  associated  with  operation  at. 
almost  equal  to  V^. 

Once  the  pertinent  velocities  are  known,  the  gas  flow  require¬ 
ments  can  be  calculated.  Thus,  the  gas  volume  flow  rate  isi 

^f  “  '^0  \  ftVsPC  (C-4) 

Also 

V  =  V  +  V  ft/sec  (C-5) 

0  r  s  ' 

and  the  gas  mass  flow  rate  is 

",  =  Pf  <3,  =  \  Pi  \ 

Figure  C-3(a)  indicates  fow  the  solid  feed  rate  varies  witt 
bit  penetration  rate  for  various  ratios  of  bit  diameter  to  shaft 
diameter,  and  Figure  C-3(b)  shows  how  the  solids  apparent  density 
varies  with  solids  feed  rate  for  several  values  of  solids  velocity. 

Thus,  if  the  relative  velocity  were  known,  Equations  (C-5)  and  (C-6) 
could  be  used  to  calculate  the  gas  mass  flow  requirements. 

In  Figure  C-1,  Bauer's  results  indicate  that  for  0.0112" 
diameter  particles,  if  the  apparent  density  is  below  14  lb 
operation  in  the  slugging  regime  will  be  avoided.  From  Equations  (C-2) 
and  (C-3)  ,  for  (3  =  4/3  and  =  1  ft/sec,  a  value  of  =  14  lb ^ft^ 

corresponds  to  a  penetration  rate  of  I40  ft/hr.  This  is  much  higher 


C  u  li  i; 
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than  the  anticipated  penetration  rate  of  the  order  of  1  ft/hr  for 
•  diamond  bits.  Thus  the  solids  apparent  density  will  be  of  the  order 
of  0.1  Ib^ft^. 

Since  the  solids  loading  is  so  low,  it  would  appear  that 
drag  coefficients  may  be  calculated  from  single  particle  considerations.  ' 
This  permits  evaluation  of  V^,  as  presented  in  the  following  section, 
and  consequently  the  gas  mass  flow  requirements. 

4 •  Relative  Velocity  Calculation 

If  the  particle  spacing  is  sufficiently  large,  single  part  icle 
drag  coefficients  may  be  used  to  calculate  the  rfflative  velocity  required 
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i'orces  Acting  on  Single  P.ir’rcle 
i^  t  i  i ,  *  -I*  ream 
Figure  C-4 

Figure  C-4  shows  the  velocities  of  anh  tne  forces  actinc;  on 
a  particle  in  a  vertical  fluid  stream-  The  fluid  riraa  force  is  and 

the  particle  weight  is  DKp.  When  V^,  ti'e  terminjl  velocity  relative 
the  fluid,  is  reached  the  acceleration  is  zero  and  the  fluid  irac  force 


to  transport  particles. 
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balances  the  qravildtiun.il  force.  Tius, 
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It  should  be  noted  that  the  densities  are  expressed  in  slugs/ft^  and 

g  Is  the  local  acceleration  of  gravity.  Hence,  for  a  olven  size  and 

density  of  particle  and  equivalent  fluid  conditions,  the  required 

relative  velocity  on  the  moon  is  less  than  that  on  the  earth  by  a 

factor  of  (q  ../o  )  or  about  s6. 

''earth'  '^moon' 

In  order  to  determine  from  F.q  iation  (C-7)  ,  the  drag 


coefficient  must  be  known, 
the  .Reynolds  Nwmber,  N' 


RE 


The  drag  coefficient,  C^,  is  a  function  of 
Thus , 


N 


ft  h'-' 


RE 


f 


4.1  If  <  2, 


r  =  -^ 

U  K' 

"RE 
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for  a  sphere.  This  corresponds  to  operation  in  the  Stokes  flow  regime. 
Substituting  Eq'uation  (C-9)  into  Equation  (C-7)  yields 


(C-IO) 


a  result  which  is  independent  c  •  he  nas  .fensity,  p^. .  This  follows 
from  the  consideration  that  as  P^  decreases,  the  Rf  ynoHs  h'  imber 
decreases;  which  has  the  physical  significance  that,  viscous  forces 
become  predominant  over  inertia  (l.e.,  dens i t y-dependent)  forces.  Ti.is 
result  is  a  very  significant  one  because  it  indicates  that  only  the 
volume  flow  rate  of  gas  Is  important  in  chip  transport  if  the  regime  of 
operation  is  Stokes  flow.  Thus,  by  reducing  the  gas  density  (by  reduc¬ 
ing  the  operating  pressure)  the  required  mass  flow  .■•ate  of  gas  and, 
hence,  the  total  mass  of  gas  for  a  given  time  of  operation,  may  be 
substantially  lowered.  Since  the  viscosity  of  a  gas  dor  $  not  vary 
appreciably  as  jts  density  i#  lowered  at  constant  temperature,  this 


1 

mode  of  operation  appears  quite  feasible.  This  is  examined  further 
)  ,  in  the  following  sections. 

4.2.  If  >  2,  the  relationship  between  and  cannot  be 

expressed  as  simply  as  in  Equation  (c-9)  •  In  fact,  the  most  convenierft 

‘  form  of  presenting  this  information  is  graphically,  e.g.,  as  in 

Figure  10.13  on  pauo  2C1  in  Hunsaker  and  Rj ghtmire ’ s ,  "Engineer inc 

Applications  of  Fluid  Mechanics". 

Thus,  in  this  regime,  the  calculation  of  becomes  a  trlal- 

and-error  procedure  in  the  following  stepsi  (l)  with  an  assumed  value 

of  V  ,  N.'  can  be  calculated  from  Equation  (C-8)  ;  (2)  with  this  value 
r  RE 

of  N__ ,  a  plot  such  as  the  above  mentioned  Figure  10.13  yields  a  value 
Kh 

of  Cj,;  (3)  this  value  of  can  bo  used  in  Equation  (C-7)  to  detormine 
V^.  In  general,  the  resulting  value  of  will  not  be  the  same  Bs 
assumed  in  step  (l).  Accordingly,  a  new  value  is  assumed,  being  guided 
by  the  previous  result,  and  steps  (l)  through  (3)  are  repeated.  Tills 
procedure  is  continued  until  the  calculated  and  assumed  values  of 
agree  with  each  other. 

) 

4.3.  Next  calculate  the  relative  velocity  required  to  lift  Rauor's 
0.U112"  diameter  glass  sp' eres  with  P  =  ‘^,6  sluqs/ff’.  If  air  is  the 

transport  goS,  p  =  }.‘7  x  Ic  lh,.-sec/f’  '!  and  "  2.33  x  lu 

,3  '  ‘  o . 

sluqs/ff^  at  atmospfieric  pressure  ai.ri  a  temperature  of  TC  F.  From 

Equation  (C-IU),  assuming  Ttokes  flow,  =  23  ft/sec.  With  tiiis  value 

of  V^,  the  Reynol  is  N' mber  is  150.  Obviously,  this  is  ^ot  dtokes  flow, 

so  Equat  ion  (c;- IC)  cannot  be  us<*d  *0  calculate  V^.  (Note,  iiowevnr, 

that  if  Pf  -  2.5  X  10  ^  sluos/ft^  at  l/luv  of  ctmospiierlc  pressure, 

ther.  =  1.5  and  ti.e  flow  is  Stok->s  flow.)  i'y  ‘he  t  r  i -■  1  -  i  r,n-e  rror 
Me  * 

process  outlined  above,  it  is  found  that  ~  ^  ’t/sec,  52  and 

CpA»1.5. 

This  value,  =  8  ft/sec,  agrecS  very  well  with  that  calculated 
from  Bauer's  curve  In  Section  3-  ilence,  the  required  values  of 
relative  velocity  an(i  flow  may  be  calculated  with  confidence  from 
single  particle  drag  coefficient  data. 


I 
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5«  Flow  Reouirements 

The  gas  mass  flow  requirements  may  be  calculated  from  Equations 
(C-5)  and  (C-6)  if  the  solids  velocity,  V^,  and  the  relative  velocity, 

V  ,  are  known.  V  may  be  set  within  a  rather  broad  range  provided 
only  that  pg  does  not  get  too  large.  The  value  of  will  depend 
on  the  regime  of  operation,  e.g.,  Stokes  flow;  and  the  regime  of 
operation  will  be  determined  by  the  density  of  the  gas.  The  variation 
of  relative  velocity  with  gas  density  (or  pressure)  is  shown  in  Figure 
C-5.  This  indicates  that  on  the  moon,  if  the  gas  pressure  is  0.1  atm 
(1.5  psia)  or  less,  the  relative  velocity  required  for  nitrogen  gas 
remains  constant.  Hence,  the  mass  flow  requirement  can  be  reduced  by 
operating  at  reduced  pressure  levels.  Figures  C-6  and  C-7  show  the 
volume  and  mass  flow  reLquiresients,  respectively,  as  a  function  of  bit 
diameter  for  several  density  levels.  Those  calculations  were  based  on 
the  assumption  that  ^ 

It  should  be  noted,  as  in  Section  3  for  Figure  C-3,  that  the 
flow  rates  indicated  In  Figures  C-6  and  C-7  will  transport  all  chips 
produced,  assuming  they  are  0.0112"  diameter,  up  to  a  penetration  rate 
of  160  ft/hr.  (The  limit  in  Section  3  was  140  ft/hr  because  (3  was 
only  4/3»)  At  this  penetration  rate,  the  solids  loading  becomes 

A 

Pg  e  14  wh  ich  is  the  upper  limit  for  stable  operation.  For 

example,  consider  a  1"  diameter  hole  and  set*  the  operating  pressure  as 
O.Cl  atra.  Assume  a  volume  flow  ~  0.C15  ff'/sec.**  This  requires  a 
mass  flow,  w^,  equal  to  1.15  x  10  ^  Ib^sec  of  nitrogen  or  •1.5''  x  10  ^ 
Ib^sec  of  heliumt  and  will  transport  all  chips  produced  up  to  a  pene¬ 
tration  rate  of  160  ft/hr.  (For  «  total  time  of  operation  of  10  hours, 
a  total  of  0.415  pounds  mass  of  nitrogen  or  O.O56  pounds  mass  of  helium 
would  be  needed.)  However,  at  a  given  gas  mass  flow  rate,  as  the  load¬ 
ing,  Pg,  Increases  (corresponding  to  increased  penetration  rates)  the 
required  pressure  drop  increases  as  shown  in  Figure  C-8.  The  total 
pressure  drop  indicated  in  Figure  C-8  consists  of: 

1)  The  pressure  drop  required  to  accelerate  the  solid 
particles  up  to  velocity, 


*  The  requirements  for  setting  the  pressure  level  are  examined  below  in 
Section  6.2. 

••  -  From  Figure  C-6. 

-  From  Figure  C-7. 
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(c-ll) 


(Nott<  Pg  i»  «xpre8ttd  in  «lug»/ft^) 

2)  Th«  pr«t»ur*  drop  d«®  to  th«  static  head  of  solids, 

*». . PggLs^gL  .  (C-12) 

Where  L  is  the  height  of  the  transport  colunn  and  g 

Is  the  local  acceleration  of  gravity. 

The  frictional  pressure  drop  along  the  wall  has  been  neglected  because 

at  low  gas  velocities  and  densities  it  is  negligible  compared  to  the 

other  terns.  Frow  the  results  of  Figure  C-8,  and  noting  that  the  pres- 

2 

sure  drop  is  expressed  in  Ib/ft  ,  it  would  appear  that  the  pressure 
drop  will  not  be  a  liniting  coaslderat ion. 

6.  Low  Density  Operation  and  Controls 

In  the  preceding  section,  the  advantages  of  low-density  opera¬ 
tion  were  shown.  Questions  arise,  however,  as  to  what  is  the  limit 
of  density  reduction  and  how  the  density  is  to  be  set.  In  this  section, 
these  questions  will  be  briefly  examined. 

6.1  Low  Density  Limits 

As  the  gas  density  or  pressure  is  reduced,  the  number  of  gas 
molecules  per  unit  volume  of  space  decreases,  i.e.,  the  mean  free  path 
of  the  gas  molecules  increases.  The  question  here  is  ”!iow  nood  is  the 
assumption  of  a  continuum?"  The  continuum  is  implicit  in  the  Smokes 
flow  analysis.  If  a  continuum  does  not  exist,  M'.en  ti.e  ccncep*  of 
density  as  here  used  is  no  longer  true,  since  in  a  given  small  volume 
.of  space  the  average  number  of  molecules  may  vary  markedly  with  *  ime. 
Tfujs  the  pertinent  question  is  "How  small  a  volume  of  space  must  be  used 
to  test  the  constancy  of  the  number  of  molecules?"  This  "'■est  volume" 
should  b«  small  compared  to  the  volume  of  a  solid  p»rticle;  i.e.,  the 
mean  free  path  should  be  amall  compared  with  the  particle  diameter. 

From  kinetic  theory  considerations*  tne  ratio  of  particle  diameter,  d. 
to  the  mean  free  path,  1,  it  approximately  equal  to  tie  ratio  of  the 
Reynolds  Number  to  the  Mach  Number.  Thus 

*  See  pa^e  57»  A.H.  Shapiro.  "Compressible  Fluid  Flow",  Vol .  1,  The 
Ronald  Press  Co.,  New  York. 


Fpr  txMplt,  with  nltrogtn  gas  at  a  prtssurs  'of  0.01  atn,  temperature 
of  72®F,  and  ■  10  ft/sec,  d  *  0.0112", 


0.067 


•  67 


ThuOf  at  this  pressure  there  appears  to  be  no  problem. 

In  VoluM  3t  Chapter  K  of  "Fundamentals  of  Gas  Dynamics^ 

Princeton  Serleot  the  foilewlng  relationship  It  given  for  the  variation 
of  drag  ooefficlent*  C^,  at  slightly  rarefied  operating  condltlontj 


(C-  14) 


More, 

The  fraction  of  molecules  not  reflected  specularly, 
i.e.,  reflected  diffusely.  This  Is  usually  close 
to  unity  and  in  general  lies  in  the  range  0.8<5<  1. 
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>=  Mean  free  path 


(C-15) 


d  s  Part  Ida  diameter 


This  relationship  is  plotted  in  Figure  C-9  for  air  at  32*^F  and 
indicates  that  at  0.01  atm,  the  error  by  assuming  a  continuum  is 
only  55{.  Equation  (C-14)  approaches  a  limit  of  2/3  as  the  mean  free 
path  Ineroases.  At  a  pressure  of  lO'^  atm,  C/C^  =  .68.  Hence 

the  equation  probably  should  not  be  used  much  below  this  pressure. 


6.2.  Praisuro  Uvel  Raoulstlon  ' 

The  advantagos  of  law  density  operation  can  only  be  realized  if 
the  pressure  levol  in  the  annulus  between  the  drill  shaft  and  rock  wall 
can  ba  maintainad  at  datirad  valuas.  Figure  C-10  shows  schematically 
how  this  might  ba  done.  Yhe  reck  granules  are  lifted  by  a  helix  to  a 
point  on  the  bit  where  a  gas  blast  from  one  or  more  small  orifices  picks 
them  up  end  transports  them  up  the  annulus.  The  pressure  upstream  of 
the  small  orlfUaa  la  ragulatad  to  a  value  Pj>:>  P^,  which,  together 
with  tha  gat  temparatura  and  erlfica  area,  determines  the  mass  flow  rate. 


C-'<0 


Thus,  a  fixed  mass  flow  rate  58  Introduced  Into  the  annulus.  The  annulus 
is  capped  with  a  filter  to  catch  the  particles  and  provide  a  flow  resist¬ 
ance.  By  setting  the  resistance  to  flow,  the  desired  pressure  level  in 
the  annulus  may  be  established. 

Unfortunately,  this  scheme  requires  that  the  gas  be  forced  to 
pass  through  the  filter,  l.e.,  that  there  be  no  leakage  into  the  surround¬ 
ing  rock  or  by  sealing  surfaces.  Since  the  structure  of  the  rock  is 
unknown,  it  can  only  be  assumed  impervious  to  gas  flow.  To  ascertain 
the  effect  of  an  imperfect  seal  at  the  filter,  consider  what  happens  if 
the  annulus  discharges  directly  to  the  vacuum  on  the  moon. 

I 

A  model  for  this  case  is  shown  schematically  by  Figure  C-11. 

The  gas  flows  into  a  chamber  through  a  critical  flow  orifice.  Since  the 


pressure  upstream  of  the  orifice,  Pj^,  is  much  greater  than  that  down¬ 
stream,  P^,  the  flow  w^  is  i ridepf'ndent  of  P.,,  i.e.,  for  a  fixed  value 
of  P^,  the  flow  w^  is  also  fixed.  Assume  that  a  fixed  mass  flow  o 
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solids  (set  by  the  penetration  rate  and  hole  diaaeter)  is  injected  Into 
the  chamber  and  mixes  thoroughly  with  the  gas  stream  to  form  a  uniform 
mixture-  Before  examining  the  state  changes  occurring  as  the  mixture 
flows  up  the  tube,  a  brief  review  of  the  process  will  be  made  for  pure 
gas  flow. 

When  a  gas  discharges  into  a  region  of  extremely  low  pressure, 
the  flow  adjusts  so  that  "choking"  (the  local  Mach  Number  equals  1) 
occurs  somewhere  In  the  system.  For  the  situation  being  considered 
(w^  =  O) ,  since  the  gas  flow  w,  is  fixed,  the  chamber  pressure  and 

the  exit  plane  pressure  P  will  be  set  by  the  system  geometry  and 
bouncfcity  conditions.  Let  the  length  of  the  tube  be  100  Ir.ches  and  its 
diameter  1/2  inch,  so  that  L/D  equals  200. 

Several  causes  can  produce  a  change  of  state  between  the 
chamber  (State  2)  and  the  exit  plane  (State  e) ,  such  ast  (l)  an  area 
change,  e.q.,  a  nozzle;  (2)  wall  friction;  (3)  Iteat  transfer  to  the 
fluid;  (4)  the  acceleration  of  a  stream  of  particles.  Consider  the 
first  two  causes; 

Cause  1.  If  there  Is  an  isentroplc  (no  friction,  no  heat  transfer) 
area  change,  say  a  converging  nozzle,  followed  by  a  f r i cl  ionless .  con¬ 
stant-area  tube,  the  stream  will  accelerate  r"aching  some  V”loclty  <it. 
the  throat,  or  section  of  minimum  area.  The  state  of  the  fluii  in  the 
tube  will  not  change,  l.e.,  ,  and  .  Howev..-=r,  then-  will 

be  an  expansion  shock  at  the  exit.  The  ratios  snd 

fixed  by  the  oas  properties  and  are  about  0.528  and  0.8’’;,  respectively, 
for  both  dir  and  riltrogtn,  Since  T^  =  T,  =  the  staqndt  ion  -emperature 
of  the  gas,  if  w^  and  the  tube  area  are  known,  is  set  by  continuity 
requirements,  i.e.,  w^  =  f I  V  A  ;  P  =  P  R  T  ;  and  V,  =  sonic 
velocity  at  temperature  T^  =N/kR^T^.  Thus,  the  pressure  P^  can  be  deter¬ 
mined  . 

Cause  2.  If  there  is  an  isentropic  converging  nozzle  feeding  an 
adiabatic  constant  area  tube  having  friction,  the  stream  will  accelerate 
through  both  the  nozzle  and  the  tube  reaching  sonic  velocity  at  the  exit 
plane.  The  pressure  and  temperature  distributions,  which  are  strongly 
influenced  by  friction,  may  be  found  from  thermodynamic  considerations. 
For  air,  this  procedure  has  been  formalized  into  working  tables.  In 
particular,  if  the  variable  4f  (L/D)  is  known,  the  state  chanoes  are 


rtadlly  obtalntd  from  Shapiro's  Table  Bt4*  Some  of  these  states  will  be 
calculated  assuming  4f  **  0*02,  and  a  typical  value  for  L/D  as  200.  This 
yields  4f(L/b)  =  4*  Trom  Shapiro’s  Table  B.4 

Rid  X 


pyp,  .  3.1 

TtA,  ‘ 

=  0.36 
VjA.  =  0.38 


(C-16a) 


From  an  Isent.ropic  Flow  Table,  s.q.,  Shapiro's  Table  B.2,  the  Mach 
Number  may  be  used  to  determine  the  properties  at  State  2  os 


T^/T^  =  0.987 


at  =  0.35 


(C- 16b) 


Thus,  the  pressure  at  point  t  Is  three  times  that  at  the  exit  and  most 
of  the  acceleration  occurs  in  the  tube.  The  above,  together  with  w  and 

I  ^ 

the  continuity  relation,  sets  the  pressure  levels  at  various  locations. 

Return  now  to  the  gas  stream  carrying  particles.  If  there  is 
no  heat  transfer  between  the  mixture  and  its  surrou' dings ,  two  limiting 
cases  may  be  considered!  (l)  Isentroplc  expansion  of  the  mixture  in  a 
section  of  varying  area  with  no  further  state  change  in  the  duct,  i.e., 
although  there  Is  friction  between  tfie  ‘wo  phases  of  tf.e  mixture,  ♦here 
is  no  friction  between  the  mixture  and  the  w.5lls  of  the  nozzle  or  tube. 
(2)  Isentropic  expansion  of  tfie  mixture  in  a  constant  area  soctior'.  In 
the  former  case  choking  will  occur  at  the  throa*-|  while  iri  the  latter 
case,  choking  will  occur  in  the  exit  plane. 

The  actual  state  of  affairs  will  lie  somewhere  between  these 
two  extremes  since  wall  friction  will  not  be  zero,  however,  to  aet  a 
rough  idea  of  the  state  changes  it  is  desirable  to  approximate  the  sit¬ 
uation  by  one  of  the  above  limiting  cases.  Which  case  represents  the 
betterapproxlwation  is  determined  by  the  time  reoulred  for  the  mixture 
to  achieve  thermal  equilibrium,  e.g.,  as  the  system  accelerates,  the  oas 
temperature  will  tend  to  urop  but  the  relatively  large  heat  capacity  of 
the  solid  particles  will  counteract  this  tendency.  Estimates  of  the 
time  reqfulred  for  heat  ’ransfer  indicate  that  thern  is  not  sufficient 
time  for  the  gas  and  solids  temperatures  to  reach  equilibrium  while  the 
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«ixtur«  is  In  a  nozzle;  hence  the  mixture  discharging  into  the  constant- 
area  tube  will  not  have  attained  that  equilibriuHj  However,  the  time 
required  for  the  aiixture  to  pass  through  the  tube  is  large  compared  to, 
that  required  for  heat  transfer.  Thus,  Case  2  will  be  chosen  as  repre¬ 
senting  the  better  approximation. 

For  this  case,  choking  will  occur  at  the  exit.  If  the  mixture 
properties  are  assumed  uniform  at  any  cross  section,  e.g.,  T^-  “  T^^* 


hi  =  Tf  -  hi 


etc.,  the  First  Law  of  Thermodynamics  yields: 


^pf  -  V  " 


2f 


-  V 


ef 


+  w 


2s 


-  V 


es 


(C-17) 

Which,  by  rearranging  and  recognizing  C  becomes 

w  c  V  ^ 

f  pf  pf  f 

2  2 

Substituting  (sonic  velocity  at  exit  conditions)  =  kR^T^, 

=  w  /w-  and  appropriate  perfect  gas  relations,  results  in 

S  T 


t;  =  rTTtil'rrTEZ- 

2  c 

1  o( 

^pf 

From  Figure  C-7,  _w^  =  1.15  x  10 


(C-19) 


lb  /sec  of  nitrogen  when  drilling 


a  1"  diameter  hole.  Assuming  a  penetrating  rate  of  1  ft/hr,  Figure  C-3(a) 


gives  the  solids  flow  rate,  p  =  O.OR5  — - 

.  c.  /  ft  -  sec 

w^  =  R  x  A  =  46-3  X  10"^  lb ^iBC,  ■ 

Hence,  if  k  =  l.4»  and  c  /c  ^  =  0.8,  tiien 

ps  p . 


for  (i  =  3/2.  T‘  op 


T 

e 


O.RO 


(P^  =  I  ft/hr) 


T 

■T  =  0.83  (P  =  0.1  ft/hr) 
r ,  r 


(C-2C) 


The  mixture  temperature  at  the  tube  entrance,  T^,  will  depend 
on  the  temperature  of  the  rock  particles.  Examination  of  the  temperatures 
at  the  diamond-rock  interface  indicates  that  *o  dissipate  the  power  input 


the  tewperature  levels  may  reach  2000®F .  Thus,  it  seems  reasonable  to 


assume  1600°R. 

The  V'^locity  at  the  tube  I'xit  is 


V  =  C  =  7k  R  T  =  49  7.81  X  1600  =  1760  ft/sec 
e  e  g  e 


(C'2l) 


From  continuity  regt:  i  remeni  s 

P  V  A  =  w, 

I  e  0  e  f 

Substitutinq  the  perfect  gas  relation 

P  =  (R  T  )  77^  =  O.ITV  Ib/ft'" 
a  o  c'  V  A 
e  e' 


0.6  X  10  ^  atm 


(C-22) 


(  -23) 


The  pressure  drop,  -  P  ,  may  be  found  from  Equation  (C-ll) 

*.  0  » 

using  the  solids  flow  rate,  R  =  O. ORA/32. 2  — and  V  =  1700  ft/seC 

^  _  I.  ^  A 


sec 


Thus  , 


P-, 


R  -  4. A  Ib/ft' 


or 


P„  =  4.74  Ih/'* 


2 . 2  X  IC  ^  a  ‘  m 


(‘I  24a) 


(>24.6) 


Comparing  tf.e  pc-ssure  drop  remi  :  red  ’o  occelerate  ‘  t'o  particle 
(see  Eqiation  (C-24a))  with  tha'  resultino  ;f  pure  oas  were  flowing  in 
the  tube  (see  Equation  (C-16a)),  it  is  seen  that  the  lat'er  is  mucii 
smaller.  Inus,  the  assumption  neglecting  will  Irictiof  ippoars  reasor- 
able . 

The  above  results  for  P„  =  2.2  x  lo  .itmos  jriJ  P  =  t.  x  K-  ^  -j'mos. 

<  ■'  •  j 

together  with  Figure  C-'^i  Indicate  ttia*  speciil  se^ls  will  be  reauired 

for  nitrogen  oven  ’  houol  t  lie  drag  coefficient  at  •  t.e  entra'ce  is  only 

O.RR  (Cp.)  and  at  the  exit  only  0.66  (C^)  :  because  the  in- 

D  Stokes  D  Stokes 

crease  in  relative  velocity  will  easily  make  up  the  difference.  Similar 

- 1 

calculations  uslno  helium  Qc^s  indicate  that  P..  m  P.7A  x  lu  "  atmos  ano 

“4  ^ 

®  C.14  X  10  atmos.  Thus,  it  will  probobly  present  no  special 

problem. 

Th.e  scfieme  illustrated  in  Eia  .re  C- lu  may  be  used  to  sample  the 
part'cles  whether  ;  ;il*er  cap  s  use;  cm  r.o-_  . 


7 .  System 

As  sifown  in  Figure  C-10,  the  cias  'ranspor’  system  consists  of: 


1 


f 


(l)  •  •toragji  tankj  (2)  th«  tranaport  gat;  (3)  a  pratture  regulator; 

(4)  «#an»  for  getting  the  gas  to  the  point  of  chip  generation,  the  drill 
theft,  rotary  teal,  oriflcet,  etc.;  and  (5)  a  sealing  and/or  sampling 
tube.  In  this  discussion,  Items  (3),  (4)  and  (5)  will  be  referred  to  as 
the  accef torlet" •  It  will  be  assumed  that  the  accessories,  exclusive 
of  the  drill  shaft,  have  a  mats  of  1/32.2  slugs.  Hence,  to'estlmate  the 
system  weight,  only  the  weight  of  the  storage  tank  and  the  mass  of  gas 
reguired.  It  it  shown  below  that  both  of  these  are  proportional  to 
the  time  of  operation. 

If  the  working  stress,  Is  set,  the  storage  tank  weight 

Is  directly  proportional  to  Its  volume;  which  in  turn  it  directly  pro¬ 
portional  to  the  mass  of  gas  at  a  given  pressure  and  temperature.  Thus 
for  a  spherical  tank 


W 

tank 


2  CT, 


(c-25) 


Substituting 


PV  B  M,  R  T 

f  g 


\ank 

where 


R  T 

g 


P  -  Gas  pressure  in  tank 

V  s  Tank  volume 

(T^  =  Working  stress  =  120,000  psl 

Rg  ■  'las  constant 

T  =  Gjs  temperature 

=  Mass  of  gas  initially  In  tank 
^  »  Density  of  tank  material 


(C-26) 


The  mass  'of  stored  gas,  M^,  is  determined  byi 

1)  The  gas  mass  flow  rate,  see  Figure  C-7,  and  the  operating 
time.  Ordlharlly  this  figure  might  be  doubled  to  provide 
a  margin  of  safety,  but  sample  cuttings  from  a  diamond 
tool  are  considerably  smaller  than  the  assumed  value 
of  O.Ol"  diameter.  This  provides  an  adequate  margin  of 
safety. 

Note  <5^  *  — ,  where  r  is  ths  radius  and  t  is  the  thickness  of  the 
sphericsl  tank. 
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2)  The  final  gas  temperature  will  be  approximately  75?  of 

the  initial  temperature  when  one  half  the  Initial  aas 

« 

mass  remains  in  the  tank.  Thus,  the  mass  of  oas  in 
the  tank  should  be  doubled. 

Hence,  the  Initial  stored  mass  of  oas  should  be  twice  that  required  by 
tfie  flow  considerations  shown  in  Figure  C-7. 

Figures  C-12  and  C-13  show  for  nitrogen  and  helium,  respec¬ 
tively:  (l)  the  weight  of  the  entire  system;  and  (2)  the  system  weight 

minus  the  gas  weight.  It  is  noted  that  Item  (2)  is  the  same  for  both 
gases  since  the  product  MS  is  the  same,  i.e.,  although  L>ie  mass  of 
helium  required  is  less  than  tfiat  of  nitrogen,  the  volume  required  to 
store  the  former  is  oreatfar.  In  calculating  tiie.tank  weight,  ltGm(2)  , 
when  the  wall  thickness  required  to  satisfy  strength  considerations  was 
less  than  G.035",  the  latter  value  was  arbitrarily  used  tc  insure  adequate 
rigidity.  Also,  it  was  assumed  that  tfte  tninimum  tank  weight  was  0.5 
This  accounts  for  the  constant  value  portions  of  the  curves  in  Fiaures 
C-12  and  C-13.  Hence,  as  shown  in  these  figures,  the  over-all  weight  of 
the  helium  system  is  not  subst ant  la  1 1 y  lower  than  the  nitrooen  system 
even  thouch  the  mass  of  helium  required  is  substantially  less. 


8 .  Conclusion 

(■rom  the  forcooino  analysis,  it  appears  that  a  oas  transport 
system  is  feasible,  simple  and  relatively  1  ci-.' we  i  niit .  It  appears  that 
no  special  pressure  level  control  system  will  bo  reouired,  i.e.,  t'f.e 
transport  gas  may  discharoe  directly  to  the  moon's  "a  t  mospher'^"  .  A 
small  samplina  tube  put  in  this  stream  can  be  used  to  ouide  part  of  it 
to  a  saroplinq  device. 


*  If  an  isentropic  process  is  assumed  as  the  gas  is  bled  'from  the  tank. 


'’’final 

^initial 


^f  ina 1 
^ !  n  i  t  i  a  1 


k-1 


where 


k  =  ratio  of  specific  he.its 


FieuwE  c-ia 
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X.  Introduction 

•  Ono  of  tho  posfiblo  nothodo  of  driving  the  drill  bit  Is  by  means 
of  a  partial  admlss'ion  turbine  supplied  by  hot  gas  froei  the  combustion 
of  a  solid  propellant.  This  appendix  will  describe  the  partial  admission 
turbine  and  give  saaH>le  design  calculations  for  one  particular  size.  The 
method  employed  in  the  design  is  based  upon  "Fuels  and  PrisM  Movers,  for 
Rotating  Auxiliary  Power  Units'*,  Report  Number  121,  dated  September  30, 
1958,  by  R.W.  Mann  of  the  Dynamic  Analysis  and  Control  Laboratory,  Massa¬ 
chusetts  Institute  of  Technology. 

1.1  Goneral  Design  Features  of  Partial  Admission  Turbines 

Partial  admission  turbines  employ  one  or  more  nozzles  which 
direct  gac  Into  an  Impulse  wheel  around  a  fraction  of  its  circumference. 
In  operation,  high  pressure  gas  is  generated  in  a  separate  chamber  at 
a  pressure,  P^^.  The  gas  expands  through  a  nozzle  (or  nozzles)  to 
essentially  astblent  pressure  before  entering  the  blades  of  the  wheel. 

It  passes  through  the  blades  and  is  deflected  by  them  without  any 
change  in  pressure  or  relative  velocity,  excluding  frictional  losses. 

The  arrangewnt  Is  represented  schematically' by  Figure  D-i.  The 
velocity  diagram  and  blade  configuration  are  shown  by  Figures  D-2 
and  D-3,  respectively.  The  various  symbols  used  throughout  this 
appendix  are  defined  in  the  nomenclature  at  the  end  of  each  section. 

As  indicated  in  Figure  D-3,  fluid  enters  over  an  arc  of  circum¬ 
ference  of  length,  a.  Normally,  when  operating  on  the  earth,  relatively 
stagnant  fluid  is  present  in  the  remaining  pockets  of  the  wheel,  and  so 
must  be  accelerated  by  the  gases  discharging  from  the  nozzle.  The 

t 

losses  connected  with  this  acceleration  process,  make  this  type  of 
turbine  less  efficient  than  its  full  admission  counterpart.  However, 
in  operating  on  the  moon,  the  back  pressure  would  be  so  lew,  that 
very  little  gas  would  remain  in  the  turbine  blading  (i.e.,  scavenging 
would  be  practically  complete)  and  this  loss  would  be  negligible  for 
a  partial  admission  machine.  The  high  pressure  ratio  which  would  be 
experienced  on  the  moon,  does  cause  difficulties  in  the  nozzle.  This 
nigh  ratio  results  in  a  supersonic  nozzle  and,  with  the  low  flow  rates 
reguired  by  the  turbine,  giv^s  laminar  flow  in  the  nozzle.  This 
nozzle  would  certainly  be  loss  efficient  than  the  sonic,  turbulent- 
flow  type  usually  employed  in  partial  admission  turbines. 
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2.  D>«lqn  Calculations 

2.1  Dg»lan  Point 

A  fa«ily  of  partial  adaltsion  turbines  will  be  designed  for 
a  power  output  range  froei  0.1  to  1.0  horsepower. 

The  solid  propellant  will  be  OMAX  448A|  a  product  of  the  Olin-* 
Mathieson  Cheaical  Corporation.  It  has  the  following  properties! 

Specific  heat,  Cp  -  O.46I  BTU/lb/®F 

Ratio  of  Specific  heats,  k  »  1.29 

Molecular  weight  of  gases,  MN  «  19.2  Ib/wole 

» 

Since  the  aabient  pressure  on  the  moon  is  essentially  zero,  the 
pressure  ratio  available  to  the  turbine  is  infinite.  Thus,  it  would 
be  advantageous  .to  employ  a  slow-burning  propellant,  such  as  OMAX 
448a,  and  set  the  chamber  pressure  as  low  as  possible.  A  chamber 
pressure  of  200  psia  was  selected.  A  back  pressure  of  0.2  psia 
was  chosen  so  as  to  insure  reasonable  area  ratios  in  the  nozzle. 

This  back  pressure  can  be  maintained  by  oMans  of  a  suitable  re¬ 
striction  down-stream  of  the  turbine.  The  chamber  teB^>erature  of  the 
propellant  gases  is  1950^F. 

2.2  Assumotioni 

The  following  values  have  been  assumed  for  the  variables 
which  influence  partial  admission  turbine  deslgnt 

a.  Nozzle  entrance  temperature,  “  1950°F  or  2410°R 

b.  Nozzle  entrance  pressure,  =  200  psia 

c.  Nozzle  exit  pressure  =  0.2  psia 

d.  Turbine  nozzle  efficiency,  ~O.70 

(This  value  was  selected  since  the  nozzle  will  be 
operating  in  laminar  flow  and  supersonic  exit 
velocities.  Thus,  a  nozzle  efficiency  of  greater  than 
T0%  would  not  be  probable.) 

e.  Rotor  velocity  coefficient,  K  «  /V_  »  0.85 

”2 

f.  Tip  leakage  factor,  p  =  0.95 

g.  Wheal  speed,  u  *  1200  ft/sec 

h.  Mixing  loss  coefficient,  f  =  I.4 

(This  value  is  probably  very  conservative  since. the 
back  pressure  is  so  low  that  the  gas  trapped  in  the 
blades  is  easily  scavenged.) 
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i.  Blade  Spacing)  e>  The  ninlnuoi  blade  epacing  which 
can  allied  is  approKiaateiy  l/l6  inch.  This  is 
probably  satisfactory  for  a  1  iP  turbine  but  not  adequate 
for  the  lower  powers.  There  are  electrolytic  etching 
methods  available  by  which  spacings  down  to  l/32  inch 
can  be  attained. 

j.  Ratio  of  blade  width  to  blade  spacing,  c/s  =  2.0 

k.  Nozzle  angle,  OC  -  20° 

2.3  Design  Procedure 

In  order  to  demonstrate  the  design  procedure,  a  detailed 
analysis  will  be  presented  for  the  turbine  with  a  horsepower  output 
of  0.1. 

The  mass  flow  rate  may  be  obtained  from  the  definition  of 
partial  admission  turbine  efficiency,  f^^p.  Thus, 


work  output 
^tp  ideal  work 


(D-1) 


where  work  output  =  output  horsepower  x  0.707  BTU/sec/horsepower 
and  ideal  work  =  w  x/.n 

Li  8 

Since  the  total  enthalpy  drop  occurs  in  the  nozzle. 
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/•,  'h  = 


c  T 

p  00 


(f-y 

oo 


(D-2) 


(D-3). 


Equation  (D-l)  may  be  written  as 

_  0.707  ;^  ( cutout  JiorC4!power; 

*  '  n.  '  \  h’ 

'tp  Ji  6 

The  efficiency  of  the  partial  admission  turbine  is  not  known 
at  this  stage  of  the  calculation,  and  the  design  must  be  performed 
on  a  trial  and  error  bssis.  As  a  first  approximation,  a  turbine 
efficiency  based  upon  full  admission  will  be  determined.  This  is 
Given  by 


^  p  \  (cos  OC  -  rt)  (l+<<) 


(D-4) 


(D-5) 

(D-6) 

(D-7) 

=  t?75  BTU/lb 

V  -  6620  ft/stc 

V  =  5550  ft/6«c 

n  =  .216 

and  =  .385 


wh«re» 


u 


■'  An 

ft 

For  th«  cas*  at  hand, 


Substituting  this  value  of  for  in  Equation  (D-3)  yields 
w  =  2.1  X  10  ^  Ibs/sec 

This  flow  rate  detenalnes  nozzle  geometry  and,  hence,  the  variables 
which  will  be  used  to  detenaine  partial  admission  efficiency. 

Since  the  nozzle  is  choked  at  the  given  pressure  ratio,  the 

throat  area  may  be  found  from  compressible  flow  relationships  as 

_.l 

g  2 


A* 


w  .  T 


00 


oo 


m 

I*  2 

V  1  f 


R 


'k+r 


«  1.22  X  10‘^ 


sq  in 
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The  nozzle  throat  diaMter  corresponding  to  this  area  Is 


d«  e  1.25  X  lO"^  in 


fhe  exit  area  l,s  obtained  fron  the  Isentropic  flow  relationship 


A*  M 


H*! 


(1  t  ^  M^)  i 


J 


k*l 

2Tk-l5 


where 


k-1 


P 


k-1 

k 


For  the  case  at  hand, 
M  a  5,og 

and 


r-  =  5‘'’ 

giving  an  exit  area 


(D-9) 


(D-  lo; 


A  R  6.67  X  10  '  sq  in 

The  nozzle  Is  inclined  at  an  angle  of  20^  to  the  plane  of 
rotation,  so  that  the  projected  area  in  this  plane  is 


exit  ,  ™0 

sin  20 


\  V 

s  .0924  in 

The  arc  length  covered  by  the  nozzle  exit  plane  Is 

.  .  =  .211  in  . 

d 


(D-ll) 


=  .0195  sq  in 

The  height  of  the  blades  is  equal  to  the  exit  diameter.  Thus 


(D-12) 


(D-13) 
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The  partial  admission  turbine  efficiency,  ti^^,  can  be  expressed 
as  a  function  of  the  full  admission  turbine  efficiency,  geometric 
parameters,  c/s,  s/a,  and  (X  J  nojirle  efficiency,  rij^ ;  velocity  ratio, 
u/V^^j  rotor  velocity  coefficient,  Kj  tip  leakage  factor,  pj  and 
mixing  loss  coefficient,  f.  Thus, 


1  +  K  (1-J) 

"tp  '  1  +  K  '^t  ‘ 


^  P  \ 

slnCt 


(D-14) 


The  foregoing  assumed  and  derived  values  may  be  substituted  into 
Equation  (D-14)  to  obtain  the  efficiency  of  the  partial  admission 
turbine  as  .351  for  the  first  trial  design. 

This  value  of  may  be  substituted  back  into  Equation  (D-3) 
to  obtain  a  new  flow  rate  for  which  the  entire  set  of  calculations 
may  bo  repeated.  In  general,  one  iteration  is  found  to  be  sufficient. 


3 :  Results  and  Discussion 

3 . 1  0.1  Horsepower  Turbine 

'  As  shown  in  the  pmceui!/,;  section  the  partial  admission 

turbine  with  a  0.1  horsepower  outpu-  will  have  the  following  dimen 
sions  and  design  factors. 

flow  rate,  w  =  2.30  x  10  ^  Ib/sec 
nozzle  throat  diameter,  d*  =  0.0131  inches 
blade  tieicjht,  d  ■  0.0^7  inches 
blade  spacing,  s  =0.03125  inches 
admission  arc  length,  a  =  0.227  inches 
turbine  efficiency  =  V./.352 
wheel  width,  c  =  0,0625  inches 
aspect  ratio,  AR  =  1.5'; 

3.2  1.0  Horsepower  Turbine 

In  3  similar  manner,  the  par.tiai  admission  turbine  with 
1.0  horsepower  output  will  have  design  parameters  of 
flow  rate,  w  =  2.37  x  10  ^  Ib/sec 
nozzle  throat  diameter,  d*  =0.0415  inches 
blade  height,  d  =  .311  Inches 


I 
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blade  spacing*  s  =  0.125  Inches 
admission  arc  length,  a  =  0.71  inches 
turbine  efficiency,  =  -344 
wheel  width,  c  =  0.25  inches 
aspect  rates,  Pf<  =  1.24 

3*3  Intermediate  Sizes  of  Turbine 

Between  these  two  limiting  sizes  of  turbine,  the  flow  rate 
can  be  assumed  to  vary  linearly.  This  is  a  good  assumption  since  the 
turbine  eff.iciency  will  not  vary  appreciabl  ’.  .  Thus,  Figure  D-4  1* 
a  p‘lot  of  flow  rate  versus  power  output  in  the  range  of  0.1  If  to  1.0  if. 
Figure  D-5  is  a  plot  of  total  fuel  weight  required  versus  operating 
time  for  various  power  output  and  total  enoroles. 

3.4  Turbine  Weight 

The  weight  of  the  turbine  can  be  estimated  from  its  size, 
assuming  a  solid  disc.  Thus,  the  turbine  weight  is  given  by 


(D-15) 


If  the  wheel  diameter  is  considered  to  be  3"  resulting  in  a 
speed  of  about  ."'OOtiO  RPM  for  a  blade  speed  of  1200  ft/sec,  Equation 
(D-I5)  can  be  simplified  to 


=  2.12  c  lbs  (D-16) 

T'le  wr.eei  ‘hickness  is  assumed  to  vary  linearly  from  I/I6" 
for  0.1  iP*o  .2^'"  for  1.0  !iR  Actual  fabrication  of  the  wheel 
would  not  nscesse.rily  result  in  c  constant  ’hickness  disc  but 
rather  in  a  webbed  iisc.  .  h^owever,  when  tf.e  weioht  of  the  nozzle 
block  and  supports  are  added,  ‘‘e  final  weight  should  be  about 
the  same  as  for  the  solid  disc.  Fioure  D-6  is  a  plot  of  turbine 
weight  versus  power  output. 
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A* 

AH 

*exit 


a 


c 

c 

P 

d 

f 

% 

J 

K 

k 

M 

MW 


Nomenclature 
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1 .  Introduction 

Provlou*  studies  of  auxiliary  power  units  have  shown  that  compared 
with  turbine  drive  there  is  the  possibility  of  a  weight  saving  by  using 
a  positive  displacement  motor  at  low  power  outputs.  Thus,  a  brief 
survey  is  heVe  made  of  its  use  as  a  drive  for  the  drilling  rig. 

Data  on  hot  gas  actuated  positive  displacement  motors  were  obtained 
from  Clevite  Corporation  (Ordnance  Division).  However,  since  the  design 
point  for  the  motor  needed  here  is  so  far  removed  from  the  range  with 
which  Clevite  are  concerned,  their  data  must  be  extrapolated  and  checked 
independently.  Thus,  a  thermodynamic  analysis  is  made  and  the  results 
compared  with  the  Clevite  equation. 

Unfortunately,  the  performance  of  a  piston  device  is  not  analytically 
predicted  with  as  much  confidence  as  for  a  turbine  unit.  This  Is  due  to 
the  fact  that  mechanical  design  details  affect  the  final  performance  to 
a  much  greater  degree. 

2 .  Design  Considerations 

2 . 1  Comparison  with  the  Clevite  Motor 

The  load  is  to  be  driven  in  a  spef>d  range  of  1COC-2CCO  rpm. 

The  range  of  power  outputs  from  the  motor  is  to  be  0.1  io  1.0  hp  with 
operating  time  ranging  from  1  to  10  hours.  These  are  generally  I'Ower 
powers  and  speeds  and  longer  operatinc  times  than  the  normal  Clevite 
{notoi  application  which  is  usually  several  horsepower  eve:  a  period  of 
several  minutes.  At  low  powers  and  long  operating  times,  efficiency 
and  cooling  become  more  important  than  in  the  normal  application.  To 
achieve  high  efficiency  in  such  a  motor,  laroe  volumetric  expansion 
must  be  provided  between  intake  and  exhaust.  Iri  addition,  it  is 
necessary  to  keep  mechanical,  puropinc,  and  leakage  losses  minimal. 
Mechanical  design  controls  all  of  these  factors,  particularly  valve 
timing'whlch  affects  the  expansion  ratio  to  a  great  degree.  Even 
though  these  engines  have  normal  operating  speeds  and  pressures  much 
higher  than  required  for  this  application,  there  appears  to  be  no 
reason  why  proper  valve  timing  could  not  be  acfileved  to  insure  high 
efficiency.  Moreover,  it  is  possible  to  match  the  output  spe^-.d  cf  the 
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motor  to  th«  load  to  as  to  aakt  use  of  a  direct  drive,  thereby 
eliminatino  reduction  gearing. 

Another  problem  peculiar  to  the  Clevite  motor  is  that  of  heat 
transfer.  Since  there  is  Intimate  contact  between  the  inlet  passages 
and  the  cylinder  walls,  the  lat.ter  will  heat  up  quickly,  giving  rise  to 
the  need  for  a  gas  coolant.  This  may  be  accomplished  by  either  the 
addition  of  a  diluent  In  the  hot  qas,  such  as  anmoniun  chloride;  or 
by  external  cooling  with  another  fluid. 

Most  small  gas  or  hydraulic  motors  (the  Clevite  motor  being  a 
typical  example)  are  constructed  as  a  "barrel  engine",  with  five  or 
more  cylinders  arranged  axially  about  a  coimon  shaft;  and  the  power 
is  transmitted  through  a  "wobble  plate"  on  the  shaft.'  Flow  is  controlled 
through  ports  by  a  rotating  cut-off  valve.  A  typical  assembly  of  a 
Clevite 'motor  is  shown  by  Figure  D-7. 

2.2  Assui'not  ions 

The  following  assumptions  are  made  in  analyxing  the  positive 
displacement  motors 

(a)  The  motor  is  directly  connected  to  the  load. 

(b)  Supply  pressure  will  not  exceed  2DOO  psl.. 

(c)  The  supply  gas  is  that  obtained  from  the  burning  of 

OMAX  solid  propellant.  Its  properties  are 

c  =  0.461  8TU/lbs  °R 
P 

k  =  1.27 

MW  *  19.2  Ibs/mole 

(d)  Ammonium  chloride  is  to  be  used  as  a  diluent  in  the 
proportions  of  1  part  to  2  parts  OMAX  448A .  This  will 
lower  the  supply  temperature  to  1200°F  but  not  change 
the  qas  properties  appreciably. 

2.3  Calculations 

As  a  first  approximation,  consider  an  ideal  engine  -  one 
in  which  the  gas  expands  Isentropically,  has  tero  clearance,  operates 
with  xero  back  pressure,  and  has  no  throttling  loss  through  the  valves. 

For  such  an  engine,  the  Ideal  work  output  per  pound  of  gas, 

Wj ,  is  given  by  the  area  under  the  constant  pressure  line  and  adiabatic 
expansion  curve.  This  area  is  shown  cross-hatched  in  Figure  D-8, 
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Th®  work  output  per  pound  of  gas  is 
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and  th®  power  output  is  obtained  by  multiplying  by  the  flow  rate,  w, , 

(d-18) 

Thus,  th®  ideal  flow  rat®  requir®d  is 
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The  effect  of  volumetric  expansion  ratio  on  the  flow  rate  is 
shown  in  Figure  D-9  for  an  entrance  teiaperatur®  of  1660°R  and  a  range 
of  output  powers  from  0.1  to  1.0  hp.  Previous  work  with  this  type  of 
motor  has  shown  that  expansion  i»t ios  (V^/V^)  from  about  1.5  to  5.0 
are  possible  in  this  power  rang®.  It  is  seen  from  the  figure  that  the 
ideal  flow  rate  does  not  vary  appreciably  beyond  an  expansion  ratio  of  5. 

The  ideal  piston  displacement  can  be  calculated  from  the  flow  rate 
and  expansion  ratio  to  be 


V  w  R  T 

(PD)  =  ^  ^  -ff-  (12  X  60)  inVrev  (D-PO) 

1  o 

Figure  D-10  is  a  plot  of’Hquation  (D-20)  showing  the  ideal  piston 
displacement  per  revolution  as  a  function  of  the  expansion  ratio.  Curves 
ar®  shown  for  0.1  hp,  0.5  hp  and  1.0  hp.  For  all  curves  the  speed  is 
2000  rpm  and  inlet  pressure  1000  psia. 

The  actual  flow  rate  can  be  estimated  from  the  ideal  flow  rate  by 
dividing  the  latter  by  the  product  of  mechanical  efficiency  and  indicated 
efficiency.  Thus, 


w  * 


(D-21) 


D-24 


T««tt  results  end  indicstor  card  studies  for  the  Clevite  engine 
result  in  values  of  x equal  to  about  0.66.  Thus,  the  actual 
piston  displacement  per  revolution  should  be  about  50%  more  than  the’ 
indicated  values. 

Equations  (D-19)  and  (D-2D)  can  be  coadbined  with  (D-2l)  to  give 
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Thus,  It  appears  that  for  the  range  of  powers  contesiplated  (from  0.1 
to  1.0  hp)  ,  a  l/4'*to  l/2”bore  and  stroke  Is  adequate.  This  Is  In  the 
same  range  as  those  units  presently  constructed  and  hence  offers  no 
serious  problems. 

The  operating  torque  can  be  expressed  as  a  function  of  the  output 
power  and  the  rotary  speed. 
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Figure  D-11  is  a  plot  of  this  relationship  for  lOOO  and  2000  rp«. 

As  seen  from  these  curves,  even  at  the  low  powers  the  operating  torque 

I 

does  not  appear  to  be  low  enough  to  present  serious  design  difficulty. 

The  total  weight  of  propellant  and  diluent  required  can  be  calcula¬ 
ted  from  Equation  (D-22)  multiplied  by  the  operating  time.  These  results 
are  plotted  in  Figure  D-12  for  an  expansion  ratio  of  2.5  at  which  this 
motor  will  probably  operate. 

These  estimated  values  of  flow  rate  and  total  weight  of  propellant 
can  be  compared  to  that  obtained  by  extrapolation  of  Clevite  data  by¬ 
using  the  following  reletionship. 
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Equation  (D-25)  reducaa  to 

•  =  (3.59  X  lO"-^)  hp  (D-26) 

This  is  plotted  in  Figure  D-13»  along  with  that  froai  the  foregoing 
analysis  tor  an  expansion  ratio  of  2.5* 

It  is  aeon  that  the  results  of  the  two  analyses  cowpare  very 
well  and  so  the  use  of  the  Clevite  equation  is  valid  in  this  range  of 
operat 'on. 


3.  Weight  of  Motor 

Frow  previous  experience  in  the  design  of  these  actors,  it  can 
be  estimated  that  the  weight  of  the  motor  coaponents  will  probably 
not  exceed  3  pounds.  This  cofspares  favorably  with  the  weight  of  the 
turbine  and  its  necessary  gear  box. 

4.  Conclusioni 

The  results  of  this  analysis  show  that  the  weight  of  propellant 
is  greater  than  that  required  by  a  partial  admission  turbine.  This 
fact,  together  with  the  complexity  of  the  awter  as  compared  to  the 
turbine  I  and  the  need  for  a  development  program  to  determine  motor 
characteristics  beyond  the  range  presently  investigated!  weigh  heavily 
against  its  selection.  Also,  to  our  knowltdge,  no  small  gas  motor 
has  yet  operated  successfully  ovtr  any  txtanded  period  of  time  be¬ 
cause  of  the  cooling  problem. 
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The  gai  gentrator  at  d«»crib«d  in  this  section  includes  the 
posRier  grain,  or  liquid  fuel,  its  containing  pressure  vessel*  and  the 
appurtenances  necessary  to  hold  and  ignite  the  charge*  It  includes 
the  sqfulb  and  igniter,  grain  insulation,  and  inhibitor.  Id  the  follow¬ 
ing  section,  the  assuaptions  and  Methods  enployed  to  evaluate  the  size 
and  weight  of  each  of  these  coaq;>onents  will  be  discussed  for  the  solid 
propellant,  eowpressed  gas,  and  liquid  aonopropellant  arrangesrants. 

Briefly,  the  results  show  that  due  to  the  low  flow  rates  and  long 
operating  tines  necessary  for  this  application,  the  required  size  and 
shape  of  the  propellant  grain  are  such  as  to  require  considerable 
developeient  work  to  fabricate.  In  addition,  various  scheaes  which 
might  be  used  to  overcome  this  diff iculty'would  pose  a  reliability 
problaa,  in  that  many  successive  firings  of  the  propellant  are  required* 
For  the  caae  of  coapreasad  gat,  the  study  shows  that  nothing  la  to 
be  gained  from  its  use  since  it  requires  a  larger,  heavier  pressure 
vessel  than  the  other  systems. 

Finally,  the  liquid  sranopropellant  app,>ars  to  offer  a  minimal 
weight  package  and  most  convenient  shape. 

In  the  following  sections,  the  three  systems  will  be  considered 
in  detail* 

2.  Solid  Propellant  Grain 
2.1  Size  and  Shape  ' 

The  size  and  shape  of  the  grain  have  been  determined  by  the 
usual  procedures  for  design  of  solid  propellant  grains*  The  naterlal 
selected  is  OMAX  448A,  a  product  of  the  Olin-Mathleson  Chemical  Corp¬ 
oration. 

Its  properties  are  as  followsi 
Density  of  Solid, p  “  O.053O  Ib/in^ 

Specific  Heat  Ratio,  k  »  1.29 

Molecular  Weight  of  Gates,  MW  Id. 2  Ibs/mole 

Chamber  Temperature,  T^  =  1950°F 

Since  burning  rates  are  strongly  affected  by  the  temperature  at  which 
the  propellant  grain  has  been  stored  and  the  chaaU>er  pressure  at  which 
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it  burntf  it  it  important  to  know  how  this  propellir.t  parfozmt  under  a 
wide  range  of  both.  ■  Figure  0-14  presents  burning  rates  at  a  function 
of  toak  (storage)  temperature  and  chamber  pressure.  These  data  have 
been  derived  from  the  manufacturer ' $  data  sheet  by  extrapolating  to 
teB^>eratures  below- 65^F  and  above  165^F,  and  pressures  below  3Q0  psia. 
The  manufacturer  has  successfully  fired  this  propellant  at  pressures 
ranging  downward  to  atsMspherlc  pressure  and  temperatures  as  low  as 
-90 ^F  and  at  high  as  200°F.  For  ignition  at  low  temperatures  (l.e.j 
less  than  -65^F) «  they  recommend  the  use  of  a  more  vigorous  igniter. 

The  conditions  on  the  moon  are  such  that  the  soak  temperature 
can  be  selected  at  either  200®F  or  -  200°F  depending  upon  whether 
the  drilling  is  done  during  the  lunar  day  or  night.  In  order  to  keep 
the  length  of  the  grain  as  low  at  possible,  it  is  felt  that  ignition 
at  -  200°F’ would  be  desirable.  Certainly,  this  would  provide  the 
minimum  length  grain.  From  Figure  D-14  at  a  soak  temperature  of 
-200°F,  the  burning  rate  of  DMA X  448A  at  a  chamber  pressure  of  200 
psia  is  seen  to  be  0.023  in/sec. 

The  rate  of  gas  production  is  proportional  to  the  cross-sectional 
area  which  is  burning  at  any  instant.  Ideally,  in  a  cylindrical  grain, 
the  entire  end  of  the  cylinder  should  be  ignited  and  the  flame  front 
should  proceed  along  the  grain  axis,  shortening  the  cylinder  as  it  goes. 
Since  there  is  a  one  to  one  correspondence  between  the  weight  of  the 
gases  generated  and  the  weight  of  propellant  burned,  the  gas  generation 
rate  is  directly  proportional  to  the  burning  rate  (i.e.,  the  rate  of 
progress  of  the  flame  front  through  the  solid). 

The  rate  of  gas  production  based  upon  a  soaking  temperature  of 
-200°F  is  given  by 
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where  ^ 

p  *  density  of  the  propellant  grain,  Ibs/in 
r  =  burning  rate  at  -200®F  and  the  selected  burning  pressure,  in/stc 

P-200T 

d  =  grain  diameter,  in 

Equation  (D-27)  may  be  used  to  determine  the  diameter  of  a  grain 
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required  to  produce  a  flow  rate,  w  (ibt/aec)  at* a  chamber  pretsure,  p. 
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Thu*, 
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P-300°F 

The  length  of  time  during  which  ga*  will  be  supplied  by  the  gas 
generator  is  directly  proportional  to  the  length  of  the  propellant  grain. 
It  is  equal  to  tha  time  required  for  tlie  flame  front  to  travel  from  one 
end  of  the  grain  to  the  other.  Grain  length  I*  given  by 


L  =  t  X  r 


P-20C°F 


where 

1  =  length  of  grain,  inches 
t  =»  burning  time,  seconds 


The  total  weight  of  the  grain  is  given  by 
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Figures  D-15  and  D-i6  summarire  these  results  for  a  range  of 
sizes  of  turbine  of  between  0,1  hp  and  1  hp  output  at  a  total  enemy 
consumption  of  1  hp-hr. 

As  can  be  seen  from  these  results,  althouoh  the  total  weights  of 
propellant  are  about  the  same  (since  the  total  energy  is  the  same)  the 
length  of  the  grain  varies  from  6.9  feet  long  for  the  1  hp  unit  to  69 
feet  long  for  the  u.l  hp  uniti 

In  the  space  available,  the  latter  length  might  be  attained  by 
means  of  a  colled  tube.  Thus,  if  the  coll  diamater  is  3  feet,  the  69  foot 
length  could  be  attained  with  7.3  loop*.  Although,  casting  of  such  a 
long  length  of  propellant  does  net  present  any  serious  problem,  there 
are  numerous  problems  associated  with  burning  the  long,  thin  grain. 

Such  problems  are  the  support  and  insulation  of  the  grain,  the  heat 
transfer  from  the  tube  over  the  long  burning  period,  and  pressure  drop 
in  the  tube  itself.  Considerable  development  time  might  be  required 
for  their  solution. 
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Another  possible  configuration  would  be  banks  of  short  propellant 
grains  which  are  fired  sequentially  into  a  central  discharge  chaisber. 

This  is  shown  in  Figure  0-17. 

The  firing  of  each  grain  could  be  governed  by  a  pressure-actuated 
device  which  senses  the  chamber  pressure  and  fires  the  grains  in  a 
predetermined  sequence  when  the  chamber  pressure  drops  to  sosie  base 
level.  This  systsffi  is  more  complex  than  that  of  the  usual  solid  pro¬ 
pellant  application  and  requires  many  individual  igniters,  a  pressure 
sensor,  a  firing  sequencer,  and  the  added  weight  of  the  manifold. 

Although  the  sequential  firing  of  solid  propellant  grains  has  been 
accomplished,  this  arrangement  is  not  an  off-the-shelf  item  and  would 
require  development  work  to  ensure  reliability. 

Where  shorter  operating  times  are  required  as  in  the  1  hp  unit, 
the  fabrication  of  the  gas  generator  pushes  the  "state-of-the  art" 
only  slightly.  Even  though  the  length  is  only  69  feet,  it  is  too 
much  for  the  space  limitations  of  the  package.  However,  a  "folded" 
grain  is  possible.  This  configuration  is  shown  In  Figure  D-IP.  By 
proper  use  of  Inhlblter  and  baffling,  this  allows  the  grain  to  burn 
"down"  one  half  and  "’ip”  the  other,  thus,  effectively  doubling  its 
length . 

With  such  an  arrangement,  the  overall  length  of  the  grain  need 
only  be  a  little  more  than  3  feot. 

2.2  -Pressure  Vessel 

In  any  system  which  employs  a  solid  propellant,  the  casing 
which  holds  the  prope'llant  stick  must  also  be  a  pressure  vessel.  It 
must  be  capable  of  withstanding  the 'pressures  and  temperatures  resulting 
from  the  combustion  process,  and  also  rigid  enough  to  withstand  rough 
handling  and  high  acceleration  forces. 

Since  the  pressure  at  which  the  hot  gases  are  to  be  supplied  is 
a  moderate  200  psia,  the  wall  thickness  required  from  stress  considera¬ 
tions  is  small.  Therefore,  the  primary  criterion  upon  which  the  wall 
thickness  is  based  is  one  of  rigidity.  This  depends  upon  such  factors 
as  the  wall  thickness  required  to  withstand  denting  resulting  from 
rough  handling,  and  the  size  and  shapeof  the  propellant  grain,  e.a., 
coil,  bank,  or  folded  stick.  Thus  wall  thicknesses  are  based  upon 
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design  Judgement,  making  no  attempt  to  justify  the  selection  analytically. 
In  the  range  of  propellant  grair  diameters  ftom  0.4"  to  1.5",  the  follow¬ 
ing  schedule  has  been  used  for  the  pressure  vessel  wall  thicknesses. 
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Propellant  Grain  Diameter-Inches 


Pressure  Vessel  Wall  Thickness 
Figure  D- 19 

Ir.  estimatinq  the  weight  of  tf^e  pressure  vessel,  only  a  sinnle 
cylinder  with  ellipsoidal  tieads  will  be  considered.  This  would  be  a 
reasonable  approx imation  for  any  one  of  the  grain  configurations  previ¬ 
ously  discussed. 

The  ellipsoidal  ends  are  to  have  the  same  thickness  as  the  cylinder 
for  ease  of  fabrication.  To  maintain  equal  stress  levels  in  both  the 
ends  and  the  cylinder ,  the  minor  axis  of  each  end  it  made  equal  to  one- 
half  the  major  axis. 

Adequate  space  must  be  allowed  betweeri  the  walls  of  the  pressure 
vessel  and  the  powder  grain  for  supports  at  the  ends  of  the  arain;  for 
the  inhiblter  and  insulation  around  the  periphery  of  the  orain*;  and 
for  the  squib  and  igniter  at  the  starting  end  cf  the  grain.  The 
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Th«  arranaeraant  Is  shown  in  Figure  D-20.  The  exact  space  allocated  to 
each  item  is  problematical,  since  it  will  depend  upon  the  shape  of  the 
grain,  running  time,  shock  loads,  etc. 


The  Insulation  thickness  is  assumed  to  be  equal  to  the  wall 
thickness  and  to  have  a  density  on#  tenth  that  of  steel. 

Tt^e  squib,  'gniter,  and  holding  devices  are  assumed  to  have  tfie 
weight  of  one  of  the  ellipsoidal  ends.  This  is  optimistic  since  for 
small  diameter  grains,  there  is  probably  some  minimum  weight  tor  these 
items.  In  addition,  where  multiple  grains  are  to  be  used  each  grain 
will  require  its  own  squib  and  iqniter  plus  means  for  sequence  firino. 

The  total  weight  0?  the  pressure  vessel  may  now  be  found  as 
follows: 

Since  the  wall  thiokness  is  small  compared  with  the  other 
dimensions  of  the  casing,  the  weight  of  the  unit  m^y  be  found  by 
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Multiplying  its  surface  area  by  the  wall  thickness,  t,  and  the  density 
of:  steel, 

The  surface  arba  of  one  end  is  found  to  be  approxiaately 

»  (d  +  3t)^  (D-32) 

end  that  of  the  cylindrical  section  la 

«  e  (d  4  3t)  (L  4  (D-33) 

Tabulating  the  weights  for  each  coaiponent  gives 

Cylindrical  Section  «  «  t  (d  4  3t)  (L  4 

Ellipsoidal  Ends  *=  2p  t  (d  4  st)^ 

Squib.  Igniter  and 

Holding  Devices  *  p  t  (d  4  st)^ 

9 

Insulation  (approximately)  ^  10{  of  above 

The  above  items  are  cooiblned  algebraically  and  simplified, 
to  give. 

* 

a  0.97  t  (d  4  3t)  (L  4  1.20  d  4  2.S‘>  t)  (D-34) 

where  t  is  obtained  from  Figure  D-19;  L  and  d  froa  Figure  D“15. 

The  results  of  this  cocqjutat'lon  are  shown  in  Figure  D-21  as  a 
function  of  turbine  output  pbwer  for  a  total  energy  dissipation  of 
1  hp-hr.  This  plot  indicates  that  the  weight  of  the  pressure  vessel 
peaks  at  an  output  of  about  0.4  hp.  This  is  due  to  the  fact  that 
even  though  <the  lower  power  units  are  much  longer,  the  wall  thickness 
is  less.  The  steps  in  the  curve  correspond  to  the  steps  in  the 
increments  of  wall  thickness  previously  selected.  However,  the  weights 
for  these  low  powers  are  optimistic  in  that  they  do  not  include  the 
weights  of  other  squibs,  igniters,  sequencer  and  controls  whifh  might 
be  needed  for  a  banked  configuration!  or  the  weights  of  extra  insula¬ 
tion  and  holding  devices  needed  for  a  coll  configuration. 
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3.  CQi»rtt»»d_ Q».*. 3v3im 

Another  Mthod  of  fiupplyin^  gai  to  the  turbine  it  by  Mans  of  a 
ooapsi^aaed  gat  syaten.  Thie  syatM  contiats  of  a  praaaure  vtasal> 
pi;epellant  ehargoi  and  preature  regulator.  The  prc^pellant  charge  la 
Jwrned  in  a  fraction  of  the  running  tiiee  of  the  drill  bit  and  the 
gffce  generated  are  stored  at  high  pressure  in  the  pressure,  vessel. 

The  lleiiting  condition  for  this  systen  is  the  weight  of  the 
pressure  vessel.  If  it  is  arbitrarily  set  at  a  ■axianai  of  2D  lbs.  the 
•aaiwaa  size  of  spherical  pressure  vessel  that  can  be  used  for  gas 
storage  at  3CXX)  psi  can  be  coeipute,d. 

-  #  f 

The  weight  of  a  spherical  vessel  is  given  by 

W  «  Pj  V  (D-35) 


where 

3 

V  =  volusM  of  material  in  shell,  in 

If  its  wall  thickness  is  smll  compared  with  its  diameter.,  Equation  (D-35) 
can  be  siiepllfied  to 


W 


p  4  e  t 

9 


(D-36) 


where 

R  *  radius  of  sphere,  Inches 

« 

t  =  wall  thickness,  inches 

The  wall  thickness,  t,  is  determined  by  the  container  pressure, 
and  the  sphere  radius.  Thus, 


t 


2cr 


(D-37) 


where 

0^ -  allowable  stress  in  the  shell  material,  psi. 
Combining  Equations  (0-36)  and  (D-37)  yields 


P, 


W  *  P. 


} 


(D-38) 


•nd,  tolving  for  the  redlue 


r  *» 


f 


2  « 


(D-39) 


If  the  allowable  stress  of  the  shell  material  Is  120,000  pel,  • 
container  pressure  1«  1000  psi,  and  the  maximum  weight  Is  20  pounds, 
Equation  (l>-39)  gives  a  maximum  sphere  radius  of  7.7  inches. 

The  volume  of  such  a  vessel  is 


V  a  ^  w  =  1910  cubic  inches 

and  the  mass  of  gas  that  can  be  contained  in  such  a  volunw  (assuming 
the  gas  is  the  result  of  burning  a  propellant  similar  to  OMAX  448A 
at  a  temperature  of  1950^F)  is 

P  V 

M  *  *  2.46  lbs 

But  from  Section  II,  the  1  hp  gas  turbine  would  require  a  gas 
flow  rate  of  2.37  x  10  Ib/sec.  Thus,  for  1  hp-hr  total  energy 
dissipation,  the  sphere  can  store  only  a  small  fraction  of  the  total 
gas  requirement.  In  addition,  this  system  needs  a  larger  mass  of  gas 
than  is  used  by  the  turbine  to  make  up  for  the  loss  in  internal  energy 
associated  with  the  process  by  which  the  gas  in  the  vessel  forces  some 
of  itself  out  through  an  orifice  or  valve. 


4.  Llojid  Monoprooellant  Gas  Generator  System 
4.1  Cieneral  Arrangement 

As  shown  in  previous  sections,  although  the  design  of  partial 
admission  turbines  for  t^ais  application  is  straightfoward ,  the  design 
of  the  solid  propellant  grain  and  its  pressure  vessel  presents  some 
serious  development  problems  due  to  the  long  operating  times  required. 
Uae  of  a  liquid  nonopropellant* eliminates  swny  of  these  difficulties. 
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;  The  gas  generator  for  a  liquid  monopropellant  system  is  shown 
scheaatically  in  Figure  0-22.  A  fuel. control  valve  senses  pressure 
in  tHe  decooposition  chamber  and  adjusts  the  flow  of  fuel  to  maintain 
that  pressure.  The  fuel  is  stored  in  a  chamber  having  one  end  closed 
>y  a  differential  area  piston.  This  arrangement  permits  the  gas 
generator  to  maintain  "bootstrap'*’  operation,  once  gas  generatlo'n  has 
•terted.  A  high  pressure  nitrogen  cartridge  provides  initial  pressuri- 
Mtion  for  starting. 

4.2  Calculation  of  Weight  of  Gas  Generator  and  fuel. Storage 

SanuLniff, 

A  typical  liquid  monopropellant  is  hydrazine,  which  will  be 
used  for  the  purposes  of  calculation. 

For  a  total  energy  usage  of  1  hp-hr,  the  mass  of  gases  re¬ 
quired  Is  approximately  pounds.  Since  there  is  a  one-to-one 
correspondence  between  the  weight  of  the  gases  and  the  weight  of  lic^iid 
propellant,  an  equal  mass  of  liquid  must  be  stored  in  the  container. 

The  density  of  hydrazine  is  approximately  that  of  water,  hence 


-  Oi)365  Ib/in^ 

* 

Therefore,  the  volume  of  liquid  to  be  stored  is 


^  = 


ft. 5  lb 


.0365  lb/ in' 


=  233  in' 


The  weight  of  the  storage  container,  1^,  can  be  calculated  from  the 
geometric  relationships  and  from  strength  considerations.  Designate  the 
gas  end  of  the  container  by  the  subscript  "g"  and  the  fuel  end  by  the 
•ubscript  "L".  Assume  that  there  Is  a  50  psi  pressure  differential 
between  the  ends  for  bootstrap  operation.  Then  since  the  force  on  the 
piston  faces  must  be  the  same 


SPRAY  NOZZLE 


(O-M) 


Thu», 


»  1.25 

A,^  *  “  aoo  ptla 


and  tha  ratio  of  diafMtora, 


d 


-A 

d 


» 


■  1.12 


(0-41) 


Tha  waight  of  tha  contalnar  on  tha  liquid  lida  la  givan  by  tha 
auM  of  tha  waighta  of  tha  cylindrical  aaction  and  alllpaoidal  and.  In 
brdar  for  tha  atraaa  In  tha  and  to  ba  about  tha  aana  aa  that  In  tha 
cylindrical  portion,  tha  allipaoid  haa  ita  nlnor  axla  aqual  to  ona-half 
ita  aujor  axis  and  tha  atraaa  la  givan  by 


A 


1.128 
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Aaauning  an  allowable  atraaa  to  ba  120,000  pal,  and  a  liquid 
prassure  of  250  pal, 


'  t  =  .00118  d,  (D-43) 

For  a  6"  dlanatar  cylindar,  tha  required  wall  thlckneas  is  only 
.0071".  This  is  too  thin  for  aufficiant  rigidity  of  tha  container,  so 
a  wall  thickness  of  0.035  Inches  (nuabar  20  gauge)  will -arbitrarily  ba 
aalactab. 

In  addition  tha  piston  stroke,  L,  auat  ba  tha  saaa  on  both  ends. 
Since  the  thickness  is  ^aall  coaq>arad  with  tha  other  dlaanslons,  tha 
shall  voluaa  can  ba  found  by  oultlplylng  tha  surface  area  at  a  wean 
radius  by  tha  wall  thlcknaaa.  Thus,  tha  weights  of  tha  various 
eoaq>onants  arat 
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Cylindrical  Section  (liquid  and)  ■  P,  »  ^<*^3  t)  L  xt 
Ellij^aoid  (liquid  and)  »  (dj  +1)2  xt 
Cylindrical  Section  (gee  end)  ®  P*  *  (<^g  ■♦•  t)  L  a  t 
Elllpaold  (gee  and)  ■  (d^  +  t)*  x  t 

Suaulng  thaaa  coaq)onanta  algebraically  and  leaking  the  a^ropriata 
aubatltutlon  of  Equation  (0-41)  yialda  for  the  weight  of  the  container 

V  *  »dj^L+2wLt  +  2.25  dj^^  +  4-24  dj^  t  +  2t^] 

The  length  of  the  etroke  L  la  related  to  the  voluaie  of  fuel,  V* 
which  aniat  be  aupplled  by 


or 


L  *  IS  222- 


(0-45) 

Subetitution  of  this  relationship  into  Equation  (D-44)  yields 


«  P,  t  ♦  222  +  2.25  +  4.24  dj^  ^ 


'L 

K  % 


(0-46) 


For  Steel  of  si  0,28  Ib/in-;  and  for  a  wall  thickness  of  0.035  inches 

*  .0098  +  -22^  ^  2.25  d,^  +  .1485  d,  +  .00245 

c  [  d^^  ^  ^ 

In  order  for  this  size  of  container  to  have  a  reasonable  shape i 


dj^  should  be  about  6".  Then 


W,  «  4.03  lbs 
c 

Thie  ekcludit  the  weight  ef  the  platens i  the  decowpoeltion  chaaber»  and 
the  regulating  valve.  The  weight  of  these  ccaiponente  will  certainly  be 
late  then  that  ef  the  pressure  vessel.  Thus»  this  gas  generator  would 
iseigh  no  Mort  t)ipn  about  8  pounds  and  so  appears  attractive  froai  a 


(0-44) 
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iNiight  standpoint. 

'  40  PlscussionHQf  tho  UoMld  l«ongPj^iwU.ajt.  Syfty — 

Probably  tht  grtatast  alngla  problaa  with  tha  liquid  ■ono- 
propellant  systm  la  anco'untared  in  tha  fual  Mtaring  and  prasaura 
regulating  valva  whara  tha  orlfica  Siaaa  bccooia  vary  saall  at  tha 
flow  rates  raquired  for  the  range  of  turbine  sixes  froo  0.1  to  l.Ohp. 

As  an  exaaq^lst  tha  orifice  sixa  required  at  each  end  of  this 
horaeposwr  range  will  be  daterwined. 

Tha  flow  through  an  orifice  can  be  expressed  as 


w  ■ 


CA  AP 


(D-48) 


where 


w  B  weight  flow  ratSi  Ibs/sac 

C  s  orifice  coefficient,  assuawd  to  be  equal  to  1.0 

*=  liquid  danalty,  Ibs/ln^ 

c  pressure  drop  across  orifice,  psl 
2 

A  »  orlfica  area,  in 


The  pressure  drop  across  tha  metering  orifice  is  limited  to 
20  pal.  Than  solving  for  the  matering  orifice  area,  yields 


A  = 


c  A*” 


(D-49) 


In  Section  II  of  this  Appendix,  the  flow  rates  for  the  0.1  hp  and  1.0 
hp  turbines  were  calculated  at  about  2.3  x  10  ^  and  2.3  x  10  ^  Ib/sec. 
respectively.  Substitution  of  these  values  into  Equation  (D-49)  yields 
for  the  metering  orifice  areas 

.  *O.Vhp  “ 

*1.0  hp  ■ 

and  the  corresponding  diameters 


‘^O.l  hp  “  -00352  in 


.<*1.0  hp  =  -01*1  i'’ 
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ThtM  are  extreBtely>  snail  orifices  and  only  the  larger  appears  to  be 
feasible  for  good  flow  regulation. 


5- 

This  Section  has  shown  that  there  are  nany  difficulties  and 
developwent  problens  which  nust  be  surnounted  before  a  gas  generator 
for  a  partial  admission  turbine  can  be  designed. 

It  appears  that  the  use  of  a  solid  propellant  grain  Is  feasible 
only  for  a  short  rvr  (about  1  hour).  Longer  operating  tine  presents 
problens  in  weight  as  well  as  design  of  the  propellant  stick  and  its 
pressure  vessel. 

Use  of  a  coBg>res6ed  gas  appears  to  offer  no  advantage  over  the 
solid  propellant  grain  since  the  weight  of  pressure  vessel  required 
to  hold  the  mass  of  gas  needed  for  this  application  becones  pro¬ 
hibitive. 

The  use  of  a  liquid  propellant  appears  to  offer  the  best  solution 
fron  the  standpoint  of  shape  and  weight.  HoMver«  it  too  presents  some 
difficulty  in  providing  proper  regulation  at  the  low  flow  rates  at 
which  these  systens  must  operate. 

Thus»  if  the  partial  admission  turbine  is  to  be  used  as  a  source 
of  rotating  power,  the  use  of  a  liquid  propellant  seens  to  offer  the 
Mininun  weight  and  most  conveniently  shaped  package  for  the  gas  genera¬ 
tor. 
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Orifice  area 


Surface  area  of  cylindrical  section  of 
pressure  vessel 

Surface  area  of  end  of  pressure  vessel 
Area  of  piston  in  gas  end  of  storage 


container 


Area  of  piston  in  liquid  end  of  storage 
container 


Flow  coefficient 


Propellant  grain  diasMter 
DiasMter  of  piston  in  gas  end  of  . 
storage  container 

Diaaeter  of  piston  in  liquid  end  of 


storaoe  container 


PrODortlona  1  1  t-y 


lb  ft 
_ n  ^ 

sec' 


Specific  heat  ratio 


Length  of  propellant  grain 
Molecular  weight 


Ib/mole 


Container  pressure 

Pressure  in  gas  end  of  storage 


container 


Pressure  in  liquid  end  of  storage 


container 


R 

^-aoo®F 


Oa»  constant 

Propellant  burning  rat*  at  -aOO®F 

and  proasurot  p 

Temperature 

Chamber  temperature 

burning  time 

Nall  thickness 

Volume 

Liquid  volume 
Neight 

Weight  of  container 
Weight  of  propellant  grain 
Floii  rate 

Pressure  drop  across  orifice 
Density  of  solid  propellant 
Density  of  hydrarlne 
Density  of  steel 


ft-ib/lb  ®R 


in/sec 

°R 

°R- 


sec 

in 

in^ 

in3 


lb 

lb 

lb 

Ib/sec 
Ib/in^ 
Ib/in^ 
\h/ir? 
Ib/in'^ 
ps  i 


Allowable  stress 
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1.  Souret  of  Enarqy, 

A  third  Method  of  providing  rotational  power  to  the  bit  ie  by 
Means  of  an  electric  motor  which  obtains  Its  energy  from  tone  energy 
storage  or  conversion  device.  This  May  be  a  storage  battery*  fuel 
cell*  thexMoelectrlc  generator*  solar  cell*  or  even  a  thermonuclear 
device  such  as  a  SNAP-type  unit. 

For  the  esse  at  hand*  the  use  of  storage  batteries  is  considered 
as  typical  of  this  type  of  energy  source.  In  addition*  batteries 
require  no  extensive  development  work  to  achieve  a  lightMclght  and 
compact  configuration  since  this  has  already  been  achieved  in  apply¬ 
ing  them  to  Missiles. 

2.  Weight  Considerations 

This  section  presents  the  weight  of  an  electric  motor  system 
including  the  motor*  storage  battery  and  case*  gear  box,  and  necessary 
accessories.  Figure  D-23.  is  a  block  diagram  of  such  a  system." 


Electric  Motor  SviXMm 
Figure  D-23 

In  selecting  the  proper  type  of  storage  battery,  weight  considerations 
rule  out  all  but  the  zinc-silver  and  mercury  batteries.  Mercury  batteries 
are  sensitive  to  temperature  extremes  and  would  not  discharge  satisfactorily 


it,  tht  t«aip«ratur«s  which  wight  b«  aneounttrwd  on  th«  soon. 

Silv*r-*inc  battorl**,  although  allghtly  heavlor,  aro  Intontltivo  to 
varlationt  In  awbitnt  towporature  and  currant  drain*  Thay  ara  qwlta 
ruggtd  and  a^e  uaad  extanaivaly  in  ml  sal la  appllcatlona. 

A  typical  ailvar-iinc  battary  will  provida  33  watt-houra  of 
anargy  par  pound  of  unit  (including  caaa  and  connactiona)*. 

Figure  D-24  prasanta  tha  waighta  of  alaetrlc  motor  ayataoa  as  a 
function  of  operating  tima  and  at  various^  poawr  lavala.  It  is  aaan 
that  tha  weight  of  tha  ayetara  at  zero  tlsM  includaa  only  tha  awtight  of 
tha  motor  and  tha  gaar  reduction  unit.  The  ayatam  weight  at  any  other 
time  la  the  auw  of  thla  value  and  tha  weight  of  tha  batteries  required 
to  operate  at  that  power  level. 

3.  Cooclualon 

The  ayatam  waighta  predicted  here  ara  probably  on  the  conservative 
side  in  that  they  are  based  on  units  that  ware  available  and  In  use  as 
of  November  195B.*  No  attempt  has  been  wade  in  this  aatinate  to  optimize 
weight  or  project  the  "atate-of-the  art”. 


•  Hamer,  W.J.  "A  Review  of  the  State  of  the  Art  and  Future  Trends  In 
Electrochemical  Battery  Syateme  -  The  Mpre  Cooson  Syatame".  Proceed- 
inga  of  Seminar  on  Advanced  energy  Sources  and  Convaraien  Ttchniquaa, 
Pasadena  California  Novamber  195B.  O.T.S  P.B.  15U61. 
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1 .  Introduction 

To  clet»r«lne  the  feasibility  of  diamond  bit  drilling  on  the  moon  it 
is  necessary  to  know,  or  to  be  able  to  predict,  its  performance  character¬ 
istics;  i.e.,  how  the  penetration  rate  and  shaft  power  requirements  vary 
with  the  pertinent  parameters.  These  parameters  are; 

a)  Bit  load 

b)  Bit  rotary  speed 

c)  Hit  configuration,  i.e.,  solid  or  core  bit  and  type  of 
matrix-diamond  structure 

d)  Bit  size 

e)  Type  of  rock  being  drilled 

f)  Chip  scavenging 

Another  important  consideration  is  bit  life;  i.e.,  footage  that  can  be 
obtained  before  discard.  Bit  life  is  a  strong  function  of  chip  scavenging 
and  the  operating  temperature  level.  The  temperature  problem  was  examined 
in  Appendix  B  where  It  was  concluded  that  reasonable  temperature  levels 
would  result  with  good  cleaning  and  low  shaft  power  operation,  say  1/3 
hp  or  less.  In  Appendix  C,  oas  chip  scavenging  was  examined  and  found  to 
be  feasible. 

The  Hughes  Tool  Company  ran  some  Inhoratory  tests  to  detertoine  the 
performance  of  one  size  of  sol;-!  and  core  bi^s  in  various  rocks  using  air 
for  chip  removal.  They  i  nvest  ina*  oH  M;p  ‘.‘•Tect  of  chip  scavenging  on 
penetration  rate,  witii  ofi:er  factors  held  constant,  and  '^nund  that  poor 
cleaning  subst  an  t  i  o  1  ly  reduce;!  the  penetrcitien  rate.  The  range  of  loads 
examined  was  very  'arrow,  but  a  wide  ranee  of  rotary  speeds  was  investiga¬ 
ted.  These  resul's  were  Included  as  Appendix  li  of  "Bi-Weekly  Report  !.'o.  3" 
submitted  to  'he  Jet  Propilsion  Laboratory  at  Caltech  on  August  26,  I960. 
Hence,  those  results  will  not  be  repeated  hem.  The  pertinent  conclusion 
reached  was  that  the  particular  type  of  bit  structrue  used  in  the  tests 
was  not  suitable  for  drillino  the  rocks  under  tes'  because  of  rapid  wear 
or  dulling  of  the  bit.  Since  there  was  some  question  as  to  whether  this 
was  a  "soft"  or  "hard"  formation  bit,  the  results  do  not  preclude  the 
possibility  of  other  bit  structures  beino  able  to  do  the  job.  This  has 
to  be  further  examine;!  In  tiie  laboratory. 

However,  even  if  a  bit  dould  be  found  which  had  sufficient  life,  its 
performance  might  rule  it  aut  as  a  tool  for  the  moon  drilling  project. 
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a)  Bottoa  vi«« 

showing  unifom 
diaaond  spacing 
in  bit. 


1 


Radial  view  of  bit 
showing  forces  from  drill 
stem  on  diamond- 


Tangent  a  1  v'.  ew  of  bit 
showing  reaction  forces 
from  rock  on  diamond. 


Radial  view  of  bit 
showing  frictlor, 
force  on  diamond. 


Schematic  Views  of  Bit  and  Diamond  Forces 
Figure  E-1 
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Nevertheless  I  it  was  assumed  that  a  suitable  tool  could  be  f  ound  and  the 
weight  and  volume  of  a  diamond  bit  rotary  system  were  investigated. 

In  order  to  do  this,  a  knowledge  of  the  performance  of  diamond  bite 
outside  the  range  investigated  by  Hughes  was  needed.  To  acquire  this 
experimentally  would  require  a  prohibitive  amount  of  work?  i.e.,  investi¬ 
gating  a  range  of  bit  sizes,  loads,  and  rotary  speeds  in  several  rocks. 
What  is  desired  is  the  functional  relationships  between  these  variables  so 
that  a  limited  number  of  tests  with  one  bit  slzs  in  various  rocks  could  be 
used  to  predict  the  performance  of  other  sizes  over  ranges  of  load  and 
rotary  speed.  In  the  following  sections,  a  simplified  analysis  of  diamond 
bit  performance  is  presented  and  used  to  predict  bit  performance  over  a 
range  of  the  operating  variables. 

2 .  Analytical  Model  of  the  Bit 

In  order  to  extrapolate  a  limited  amount  of  diamond  bit  data,  It 
is  necessary  to  determine  how  the  penetration  rate  and  rotary  power 
requirements  vary  with  i  It  load,  rotary  speed,  and  Hjameter.  To  deter¬ 
mine  this,  the  diamond  bit  drilling  process  will  be  approximated  by  a 
model  having  the  following  characteristics: 

a.  There  is  a  finite  number  of  diamonds  uniformly  spaced  so  that 

'  tfis  number  per  unit  area,  ^  ,  is  constant  over  the  entire 

surface  of  the  bit.  See  Figure  E-1. 

b.  The  diamonds  arc*  conical  or  pyramidal  in  shape  and  the  load- 
deflection  relation  for  each  diamond  is 

^  (E-1) 

where 

is  the  load  on  each  diamond 

(S  is  the  rock  strength  number 

d,  is  the  depth  of  penetration. 

c.  The  tangential  force  required  to  push  a  diamond  through  the 
rock  is  dueto  friction  and  to  the  work  required  to  fracture 
the  rock. 

Referring  to  Figures  E-1  (c)  and  E-1  (d) ,  it  is  seen  that  the 


frictional  work  is 


Rd© 
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P. 

R_  Rd©  s  Ji  NRd©  a  \i  - 3  Rd©  =»  - J- 

^  sin  K  sin  « 

<  «; 

wh#r* 

)i  =  coefficient  of  friction 
^  =  angle  of  diamond  point 
Rp  a  frictional  force  on  diamond 
N  *=  normal  force  on  diamond 
The  energy  to  fracture  rock  is 


(E-2) 


y  X  volume  ~  T  x  area  x  Rd©  =  ^  tan  ^  d^^  Rd© 

•there  Y  ®  energy  per  unit  volume  recfuired  to  fracture  the  rock. 
Combining  these  expressions  gives 

•  Tj  =  (-^  ♦  y  t..„  f)  d,2  =  Kp  (B-3) 

•here 

,  Tj  -  the  horizontal  force  on  one  diamond 

Kp  =  a  constant  depending  on  the  type  of  rock. 

From  the  foregoing  model,  the  penetration  rate,  P^,  and  the  shaft 
power,  hp_,  can  be  derived. 


3 •  Penetration  Rate 

As  a  single  diamond  point  at  radius  R  rotates  throuah  d©  degrees, 
the  volume  of  rock  it  sweeps  out  is 

dV.  =  A  Rd©  =  tan  |  RJ©  (E-4) 

where 

A  =  projected  area  of  the  penetrating  diamond  point 
Since  there  are  ^  2trRdR  diamond  points  in  a  differential  annulus,  the 
volume  swept  out  by  all  the  diamonds  in  the  annulus  Isi 

dV  =  dV^  (  A  2wRdR)  =.(dj^  tan  (  A  ZitRdR)  Rd©  (E- 5) 


The  average  penetration  of  the  differential  annulus,  d*,  is  equal  to 
the  volume  of  material  removed  divided  by  the  annulus  area.  Thus 


d»  = 


dV 


2»RdR 


=  (  A  tan  ^  d . ^) 


Rd© 


(E-6) 


Th»  penetration  per  revolution  !•  s  2w 


dj^*  *  A  tan  ^  2*R  dj 


(E-7) 


Substituting  from  Equation  (E-l)  and  recognizing  that  the  total 
load  on  the  differential  annulue,  dP,  is  2n  RdR  A  Pj»  Equation  (E-6) 

becOMee 


‘*R*  ‘a  2  ^ 


(E-8) 


For  a  solid  bit,  d^^*  is  constant  it  all  radii,  hence 
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^ '  Shaft  Power  Reavjir»ment 

The  power  Input  to  a  differential  annulus  of  radius  R  is 


d(hp)  =  Tj  RK  2ii  R  A  HR 


(E-IO) 


^  i  t  IJ  ^  'nrvf*  (  Xi.  -  (  V  f  r  r>^  II- 

Ov4t;o  V  a  u  .  .  r,  ^  V  .  v..a  Vi.  *  /  ,  V  »-  «-/  f  k  \  C“  oy  y  1  ©  ic3  5> 


d(hp)  =  K...  tan  ^  dj^»  K  RdR 


(E-16) 


For  a  sol  id  bit , 


(hp)^  =  Kp  tan  f 


N- 


(E-17) 


For  a  core  bit, 


(hp)c  =Kp  tan  2  d,.  N  * 


(E-18) 


Substituting  fro*  Eq-iations  (E-IO)  and  (E-12),  Equations  (E-17)  and 
(E-18)  becoms ,  respectively 
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P  ^ 

and 

(hp)^  =  2  K^p  P  N  (E-aO) 

whert 

V  '  a  Sr  S  I 

D|^  3  cor*  diaiMter 

iii  Dg  «  twic*  the  width  of. the  finite  cuttlnq  annulus 
5.  Experlaental  Results 

Tent  data  frcss  three  sources  were  used  to  check  the  foreqoinq 
analyses  and  to  detomine  the  constants  Kp^  and  K^p  for  several  rocks. 

The  results  are  sunnarlzed  in  Table  E-1. 

5.1  Discussion  of  Test  Data 

Since  the  data  used  were  obtained  under  a  variety  of 
conditions  and  degrees  of  accuracy,  some  comment  on  their  meaning  Is 
required . 

t 

5.1.1.  Huohes  Tool  Company  Data 

The  Highes  Tool  Company  obtained  drilling  performance  data 
on  several  typos  of  rock  (see  Table  E-l)  using  two  bits  manufactured  by 
J,K.  Sait  and  Sons,  Inc.  of  Murray  Hill,  New  Jersey.  Both  bits  were 
1  7/8"  O.D.  (AX  size).  One  was  a  core  type,  manufacturer's  number  FX-99, 
having  Dj^  “  1  1/4"  ^nd  ^Dg  *  5/8".  The  other  was  a  concave-face,  full- 
hole  type,  isanufucturor ' 8  number  FY-1  having  Dg  =  ]  7/8".  Figure  Er3 
is  a  photograph  of  these  bits.  It  is  noted  that  these  bits  consist  of  a 
finite  number  of  uniformly  -  spaced  diamond  points  set  in  the  surface  of  a 
powdered  metal  matrix  material.  The  points  project  about  l/32  to  l/l6" 
from  the  matrix  surface  which  has  grooves  for  th*  cleaning  fluid  to  pass 
out  to  the  hole  annulus. 

The  test  setup  used  by  Hughes  Tool  is  described  in  Appendix  2  of 


Table 


AD  =  Difference  between  O.D.  and  I.D.  of  core  bit,  in 


Smit  and  Sons,  Core  and  Full-hole  Type  Diamond  Bits 
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”B1-N*«kly  Rtport  Nuitbcr  3".  That  rtport  also  presonts  th«  ttst  data  and 

rtsults.  It  should  be  notsd  that  all  the  data»  fo?  each  type  of  bit,  was 

obtained  with  the  sane  bit.  As  the  tests  progressed,  the  dianond  points 

dulled  badly  and  many  came  out  of  the  matrix.  Thus,  the  meaning  of  these 

tests  is  questionable!  however,  they  were  used  to  calculate  the  drilling 

constants  presented  in  Table  E-I.  In  all  cases,  the  data  for  the  highest 

cleaning  air  flow  rate  were  used.  Since  the  method  of  obtaining  power 

a 

data  gave  unreliable  results  ,  values  for  the  power  constant,  were 

not  included. 

There  is  some  qfuestion  as  to  whether  these  bits  were  designed  for 
"hard"  or  "soft"  formation  drilling.  At  any  rate,  they  did  not  stand  up 
well  and  are  considered  unsuitable  for  drilling  in  the  formations  tested. 

5.2.2.  Phillips  Petroleum  Data 

The  Phillips  Petroleum  Company  ran  extensive  laboratory 

a« 

tests,  in  cooperation  with  the  Hughes  Tool  Costpany,  to  evaluate  the 
drilling  performance  of  diamond  bits  in  several  formations  (see  Table 
E-1) .  They  used  two  bits  manufactured  by  the  Christensen  Diamond  Bit 
Company  of  Salt  Lake  City,  Utah.  Both  bitsiwre  6  5/8"  O.D.  One  of  these 
was  a  core  type,  manufacturer's  number  B  12  B,  having  -  2  5/8".  The 
other  was  a  concave- face ,  full-hole  type,  manufacturer's  type  SHF.  Figure 
E'4  is  3  photograph  of  these  bits.  These  bits  appear  similar  in  con¬ 
struction  to  those  used  by  Hughes,  and  described  in  Section  5*1.1,  except 
that  the  fluid  courses  are  of  a  different  design. 

Those  tests  were  run  on  a  full-scale  drilling  rig  at  the  Hughes 
Research  Laboratory.  Measurements  of  load,  rotary  speed,  penetration  rate, 
and  rotary  torque  were  made.  The  accuracy  of  these  measurements  is  ngt 
known?  In  the  tabulated  tost  data,  the  same  value  of  rotary  torque  is 
reported  for  a  rotary  speed  range  of  60  to  150  rpm  at  constant  axial  load. 
This  raises  some  doubts  about  the  accuracy  of  the  torque  values.  In 
calculating  the  power  constant,  for  Table  E-I,  the  test  values  for  a 

rotary  speed  of  100  rpm  were  used  since  it  is  in  the  middle  of  the  range. 
The  following  significant  differences  in  operating  conditions  between 

•  Since  the  tests  were  run  on  an  available  high-pressure  drilling  test 
stand  which  had  very  high  power  dissipation  in  the  shaft  pressure  packings, 
the  bit  power  requirements  were  a  very  small  fraction  of  the  power  required 
to  rotate  the  drill  stem. 

Tests  were  run  by  Hughes  personnel  at  Huohes  Research  Laboratory  for 
Phillips. 

**•  Phillips  Memorandums  Project  No.  4  "Application  and  Perforsunce  of 
Diamond  and  Chert  Bits",  by  R.S.  Hoch,  Feb.  23,  1954. 


th«  Philllpt  and  Hughts  tests  should  be  noted t 

a.  Phillips  used  6  5/8"  bits  versus  Hughes*  1  7/8". 

b.  Phillips  used  water  (and  "asid")  for  chip  cleaning  instead  of  air. 

C.  Phillips'  loaded  their  bits  with  several  thousand  pounds 

cowpared  to  fifty  pounds. 

d.  Phillips  ran  rotarytpeeds  in  the  range  of  60  to  150  rpa  as 
coMpared  to  Hughes'  90  to  ll^O  rpai. 

The  Phillips  resultSi  because  of  their  extensive  naturei  are  erell 
suited  for  checking  the  analytical  predictions!  e.g.»  do  the  values  of 
Kpi^  or  detemined  froa  solid-bit  tests  check  those  detensined  froai 
core-bit  tests.  However,  Phillips'  sl-gni f icantly  different  operating 
conditions  exclude  the  use  of  the  values  of  Kp^  and  based  on  their 
data  to  predict  the  performance  of  the  moon  diamond  bit. 

5.1.3.  Foster-Miller  Associates  Data 

Since  the  Phillips  operating  conditions  were  so  different 
froei  the  anticipated  SMon  drill  requirements  and  no  power  data  was 
obtained  by  Hughes,  Foster-Miller  As&oclatas  ran  a  limited  number  of  tests 
using  a  Felker  "Di-Mot"  coring  bit  having  a  I  3/16"  O.D.,  Dj^  *»  1"  and 
^Dg  »  3/16".  This  bit  is  photographed  in  Figure  E-5.  It  is  considerably 
different  from  those  used  by  Hughes  and  Phillips.  The  Felker  bit  had  a 
section  of  diamond- Impregnated  matrix  about  l/4"  long  which  continues  to 
drill  until  completely  worn  away.  It  is  similar  to  abrasive  grinding 
wheel  material. 

The  Foster-Miller  tests  were  run  on  a  rig  shown  schematically  in 
Figure  £-6.  The  core  bit  was  mounted  in  a  drill  press  and  loaded  by 
hanging  a  weight  on  the  drill  shaft  feed  aim.  The  rock  to  be  drilled 
was  mounted  on  a  low- friction  rotary  platform  which  in  tOrn  was  set  on 
s  platform  scale  to  permit  direct  measurement  of  the  bit  load.  A  spring 
scale  hooked  on  an  arm  of  the  rotary  platform  was  used  to  determine  the 
bit  torque.  The  bit  rotary  speed  was  SMasured  with  the  aid  of  a  Strobotac. 
High  pressure  air  was  suppliad  for  chip  cleaning,  but  no  attempt  was 
made  to  measure  the  air  flow  rate.  The  results  of  thsse  tests  are 
pressnted  in  Table  E-II. 
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•  Average  value  of  three  tests;  most  values  were  within  20^  of  average. 


6.  Predicted  Bit  Performance 

The  Phillips  data  for  Virginia  limestone  and  Rush  Springs  sandstone 
(see  Table  E-l)  indicate  that  the  fora  of  the  derived  drilling  equations 
is  probably  right  since  the  values  of  and  obtained  tron  data  for 
solid  and  core  bits  check  so  well.  Firthermore i  the  value  of  K. 


hp 


obtained 


from  the  Phillips  data  agrees  fairly  well  with  that  obtained  from  the 
Foster-Miller  results.  However,  the  value  of  Kpp  obtained  from  the  Phillips 
data  is  several  times  larger  than  the  Foster-Miller  value.  Since  the 
Foster-Miller  tests  were  run  under  conditions  contemplated  for  moon  drilling 
their  values  will  be  used  to  estimate  the  diamond  bit  performance.  Using 
the  average  values  of  the  drilling  coefficients  for  grey  granite,  the 
fallowing  fonsulae  results 

a)  Solid  Bit  (drilling  grey  granite) 
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b)  Core  Bit  (drilling  grey  granite) 
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These  results  are  plotted  as  Figures  2  through  6  In  Section  II  of 
thp  nain  body  of  this  report. 

I 

7.  In  Conclusion 

The  analysis  presented  herein  penults  extrapolation  from  a  Halted 
number  of  tests  wlth'a  diamond  bit  for  a  given  rock.  Actually,  if  the 
rock  properties  (S'  and  p  (strength  number  and  coefficient  of  friction) 
were  known,  the  results  from  one  material  could  be  extrapolated  to  Other 
materials . 

Since  these  formulations  heve  boen  checked  over  a  rather  limited  , 
range  of  operation,  extrapolation  to  very  different  conditions  should 
be  done  with  caution. 

Furthermore,  these  relationships  assume  a  constant  diamond  point 
condition,  i.e.,  no  dulling  during  the  run.  As  the  bit  dulls,'  its 
performance  drops.  The  rate  of  dulling  and  its  effect  on  performance 
must  be  determined  experimentally  for  each  material  to  be  drilled. 
However,  Equations  (E-21)  through  (E-24)  should  give  a  reasonable 
estimate  of  bit  performance  on  grey  granite  as  long  as  the  bit  is  sharp; 
this  will  be  particularly  true  for  the  Felker  Di-Met  type  bit. 

It  is  interesting  to  note  that  Eq-.jation  (E-ll)  and  (E-13)  indicate 
that  the  "eo'ii valent"  solid  bit  for  a  given  core  bit  (l.e.,  one  which 
has  the  same  penetration  per  revolution  when  loaded  the  same)  has  a 
diameter  equal  to  twice  the  core  bit  annulus  width.  This  is  illustrated 
graphically  In  Figure  2  of  the  main  body  of  this  report. 
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Energy  Sources 


1 .  Introduction 

In  thl#  soction  th«  onorgy  sourco  requiroMont#  for  driving  a 

p»rcu8$ ion* typo  Moon  drill  aro  considered.  The  assuMption  is  Hade 

» 

here  that  the  required  energy  Must  be  brought  to  the  moon  from  the  earth 
in  stored  formj  i.e.,  direct-conversion  devices  such  as  solar  cells  or 
thermoelectric  converters  are  excluded  from  consideration.  If  these 
latter  devices  should  be  admissible,  some  savings  may  be  possible  In 
the  total  source  weight  over  the  amounts  estimated  In  this  section. 

Three  types  of  energy  sources  appear  feasible  for  the  moon  drill 
from  the  standpoints  of  time  of  operation  required,  magnitude  of  source 
weight,  reliability,  and  the  amount  of  development  required  to  realize  a 
practical  system.  These  aret 

a.  A  compressed  gas 

b.  A  chemical  fuel 

c.  An  electro-chemical  source 

In  the  compressed  gas  system,  two  gases  are  invest Inated i  a  low 
molecular  weight  gas,  helium,  and  one  with  high  molecular  weight, 
nitrogen. 

In  the  chemical  fuel  system,  a  monopropellont  aas  generator 
(hydrazine)  is  investigated. 

The  only  electro-chemical  source  considered  Is  a  storage  battery. 
Fuel  cells  are  possible  sources  of  electric  power,  but,  from  the  limited 
data  available,  appear  to  be  heavier  than  batteries  for  the  power  levels 
and  time  of  operation  involved  In  a  percussion  moon  drill. 

In  Section  II  of  this  appendix,  It  is  shown  that  for  the  minimum 
weight  percussion  drill  systems,  the  source  weight  is  a  rather  small 
fraction  of  the  system  weight.  Thjs,  an  extremely  accurate  estimate  of 
the  source  weight  is  not  essential  for  a  reasonable  estimate  of  the 
drilling  system  weight. 

2 .  Compressed  Gas  System 

A  gas  supply  system  is  assumed  which  consists  of  stored,  high- 
pressure  gas  in  a  spherical  tank,  and  a  pressure  regulator. 


2.1. 


Gas  Requirements 

The  following  assumptions  are  made  recardino  the  gas- 
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•\<pply  system 

1)  The  tank  is  adiabatic)  no  heat  is  transfered  into  the  tank 
during  use  of  the  gas.  This  assumption  is  conservative  since  less  gas 
will  be  required  for  drilling  if  heat  transfer  into  the  tank  occurs. 

2)  The  naxisium  temperature  which  the  gas  in  the  tank  may  reach  is 
2D0°F,  which  corresponds  to  the  maximum  ambient  temperature  on  the  moon. 

3)  The  gas  is  utlliied  at  a  regulated  pressure,  in  a  fixed- 
displacement  device. 

4)  The  fluid  energy  can  be  related  to  the  energy  required  to 
fracture  and  remove  rock. 

5)  The  maximum  allowable  ratio  of  final  gas  temperature  to  initial 
gas  teisperature  is  0.79* 

Figure  F-1  is  a  schematic  diagram  of  a  gas-operated  impact  system. 


Schematic  Diagram  of  Gas-Actuated  Impactor 
Figure  F-1 

In  this  study,  the  effects  of  leakage  in  the  impactor,  friction,  and 
losses  associated  with  scavenging  the  gas  chambers  and  returning  the 
piston  in  preparation  for  the  next  stroke  will  be  lumped  into  an 
efficiency.  That  is,  an  "effective  pressure"  P^,  for  the  impact  device 
is  assumed.  Exact  calculations  of  this  effective  pressure  canViot  be 
carried  out  without  a  detailed  ^esign  of  the  impactor  which  is  beyond 
the  scope  of  this  preliminary  study. 
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L«t  Ep  ®  total  energy  required  to  remove  the  desired  volume  of 


rock.  For  Impact  drilling,  this  energy  can  be  expressed  as; 
'h  = 

o  4 


(F-1) 


m- 


'  '  ■  ■  ■ ! 


•» 

•here  »  energy  of  rock  reaiovei/urilt  volume  *  40,000  in-ib/inf 

Dg  ~  hole  diaiseter  In  inches,  and 
h  s  hole  depth  in  Inches. 

.  The  effective  pressure  P.,is  expressed  in  terms  of  an  efficiency 

IB 


factor,  f)^,  and  the  regulated  pressure, 


p^  «  n,  P 


1  "r 


The  energy,  Eg,  supplied  by  the  gas  must  then  be 


(H-2) 


E  = 

g 


/PrApd(y) 


=  n  P  A  Y  =  E  A. 
n  cycles  r  p  m  o'  '1 


(F-3) 


•here  is  the  piston  area,  Y_  is  the  length  of  stroke,  and  n  is  the 

P  lu 

number  of  blows  required  to  deliver  the  total  energy  E^  to  the  rock. 
The  incremental  mass  of  gas  supplied  to  the  impactor  is 


^(M,)  =  P  A  d(y) 


(F-4) 


where  is  the  gas  density  at  the  regulated  pressure  P  and  at  tempera¬ 
ture  T  .  Since  the  regulator  of  Fiaure  F-1  is  isenthalpic,  T  =  T  . 

Using  the  perfect  gas  law.  Equation  (F-4)  can  be  written  in  the  form 

P  A^  '^(y) 


d(M  ) 


■I  .P,., 

R 


(F-5) 


Equations  (F-3)  and  (F-5)  swy  be  combined  to  give 

)/n, 


'•  R.  T 


o"  '1 


or 


g  t 


?  T.  d(M  )  = 
g  t  '  r 


(F-6) 
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Th»  quantity  of  gas  which  must  be  left  in  the  tank 'is  greater  than 
zero  because  the  pressure  and  temperature  drops  in  the  tank  must  be 
limited.  Figure  F-2  (a)  and  (b)  shows  the  supply  tank  at  time  t  and 
at  time  t  an  instant  later.  During  the  tln»e  ^  t,  the  amount  of 

gas^Mj.,  shown  shaded  in  Figure  F>2  (a),  flows  out  of  the  tank,  allow¬ 
ing  the  remaining  gas  to  experience  a  reversible  adiabatic  expansion. 
The  mass  of  gas  remaining  In  the  tank  during  the  efflux  of  mass  A  M 
is  constant,  and  thus 


where  is  the  volume  of  gas  excluding  that  gas  which  flows  out  during 
the  interval t ;  i.e.,  the  control  volume  shown  in  Figure  F-2. 


or,  in  the  limit, 


t 
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dt 


'ft 


dV 


tdt 


:x 

RT. 


dV. 


dt 


(F-9) 


or 


d(M,) 


dV. 


(F-99) 


For  the  control  volume  V^,  from  Equation  (f-7) , 


k 


!lL 

k-1  T. 


When  Equations  (F-9a)  and  (F-IO)  are  combined, 

liv  .  1  fit 

-  k  ■*  k-1 

in  (jj— )  =  In  (— ) 


(F-lO) 


(F-ll) 


\k-l 


or, 


I  / 

T, 

T 


k-1 


(F-12) 


Since  d(M^)  =  -  d(M^),  Equation  (F-12)  can  be  substituted  into  Eauati 
(F-fj)  to  qi  ve  a  relationship  for  M 


On 


f  v4  ^  ‘S'*’  "<  "  ‘"■/'’i 

i*  '  *  ' 


(F-13) 


M  R  T 

SO  8 


f  M,  ) 

k  * 

t  1 

M  1 

i  •  1 

s  - 


M  R  T 

SOS 

k 


• 

f  M  ^ 

^  1 

-  1 

M 

\  • 

> 

=  F  A, 

o'  4 
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therefore, 


MR  T 
s  9  a 


•• 

k-1 

T 

-  1 

-  'o/"! 


kE 


= 

•  9  9 


;(r  - 
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Two  oases  will  now  be  consldereH,  namely,  nitrooen  and  helium. 

.  o 

For  helium,  k  =  1.66,  and  R  =  3^6  ft-lb^/lb^  R,  and  from  Equation 
(F-U)  .  ^ 


M  R 


T  =  P  V  =  3.22  E  /n, 
us  s  s  o'  4 


(F-15) 


For  nitrooen,  k  *=  1.4  and  R  =*  55.2  ft-lb./lb  *^R,  and 

a  f  m 


M  R  T  =  P  V  =  2.10  E  A, 
S  q  s  s  s  o'  1 


(F-16) 


The  mass  ratio  is 

,  Bi 


.v2  1.2.’ 

-  >  rir" 

v«) 


=  0.219 


lie 


(F-17) 


and  the  volume  ratio  at  equal  pressures  is 

!li§  =  1  .3 
^2 


(F-18) 


2.2  Container  Requirements 

In  the  following  analysis  a  spherical  container  is  assumed. 
The  tensile  stress  in  a  spherical  shell  of  radius  r, 
thickness  t,  and  which  has  internal  pressure  is 


(F-19) 


8 


t 

If  the  ga»  is  stored  at  3000  psia  and  100°F ,  then  the  maxinuir 
tank  pressure,  assuming  a  maximum  ambient  temperature  of  20C®F,  will  be 


*  3540  psl 


It  is  noted  that  the  tank  weight  depends  only  on  the  product  for  a 

given  tank>  shape,  allowable  stress,  and  material  density*  Therefore, 
only  the  tank  volume  (and  not  its  mass)  will  be  affected  by  the  pressure 
selected.  Similarly, ithe  gas  mass  required  is  independent  of  supply 
pressure. 

For  a  steel  tank,  with  an  allowable  stress  ^  =  120,000  psi, 
and  density  T  =  0.28  Ibs/in^,  the  tank  weight.  ,  is 


2v  (P») 

e  4»  r"  r  Y  = - Li.maA.L 

^  '  120,000 


(F-20) 


=  0.0906  r' 


(F-20a) 


or,  since  the  tank  volume  Is 

V  '  =  -x  w  r^, 
s  d 

the  weight  is 

W,  =  20. B  V 
t  s 

where  V  is  In  ft^  and  W  is  in  lbs. 
s  t 

2.3  Combined  Weight  and  Volume  of  Container  and  Gas 
2.3.1.  Helium  System 

From  Equations  (F-15)  and  F-l), 

3.22  It  (T  h 

(y  \  ^  L - 

4ti,  P 

■i  3 

or,  for  =  3000  psi  iird  (J^  =  40,00'C'  in-lb/l 


(F-21) 


(F-22) 


(r-23) 
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'Vh. 


0.234  Dg'  h 


(F-23a) 


•h«re  V  is  volume  in  at  3000  psi  and  100°F,  D-  is  the  hole  diameter 

S  a 

in  Inches,  h  is  the  hole  depth  in  ft.,  and  f)j.  Is  the  efficiency  factor 
defined  by  Equation  (F-2) .  The  volume'  of  "frea"  helium  at  standard 
pressure  and  temperature  is  then 

h 

From  the  perfect  gas  law,  the  ma»s  of  gas  is 

He  s 


(F-25) 


When  Equations  (F-  22),  (F-23a),  and  (F-25)  are  combined, the  following 
expression  for  the  weight  of  the  helium  source  is  obtained. 


(»s)ho  =  5.35  h/r, 


B 


'1 


(F-26) 


or 


(V 


2.3.2  fiitrooen  System 

From  Eouations  (F-I6)  and  (f-l), 

2.10  n  h 


s^J2  -  4  h. 


(V  =  0.153 


S  I  ' 


i  f. 

'>1 


(F-27) 

(F-27a) 


The  volume  of  "free"  nitfoqen  is  then 


(F-2B) 


and  the  mass  of  nl.trogen  is 


(F-29) 


and  the  total  source  weight  is 
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It  Is  teen  by  comparison  of  Equations  (F-30)  and  (F-26)  that,  for  equal 
efficiencies,  the  nitrogen  system  has  a  slight  weight  advantage  over  the 
helium  tystep<  This  is  because  the  helium  requires  a  larger  diameter 
tank,  due  to  the  volume  ratio  as  seen  from  Equation  (F-18) ,  thus  adding 
more  weight  in  tank  material  than  is  saved  due  to  the  reduced  weight  of 
gas . 

■  Figures  F-3  and  r-4  show  weights  and  volumes  of  nitrogen  supply 
systems  as  functions  of  penetration  and  hole  diameter,  and  for  efficiencies 
of  0.5  and  0.7  According  to  Ingersoll-Rctnd  Corporation,  the 
efficiency  of  O.fi  is  conservative  for  a  pneumatic  high-rate  impact  drill. 
For  a  slow  rate  drill,  it  is  estimated  that  a  somewhat  higher  efficiency, 
about  U.7,  will  be  possible.  For  a  nitrogen  source  capable  of  producing 
a  3/4  inch  hole  five  fee*  deep  in  granite,  the  system  weight  is  about  30 
pounds,  assuming  r|^  as  %)%. 

3 .  Liouid-Fuel,  Hot-Oas  System 

Hydrazine  (^'2^'^)'  '»*  «  possible  energy  source  for  a  percussion  drill 
It  is  a  liquid  monopropellant  which  decomposes  at  about  1960^R  to  form 
relatively  clean  gas. 

3.1.  System  Configuration 

Section  III  of  Appendix  D  contains  a  description  of  a 
hydrazine  gas  qenerator,  and  Fiqire  D~Z2  is  a  schematic  of  its  system 
conf iauratlon.  This  system  employs  the  "bootstrap"  method  of  pressurizing 
the  liquid  fuel.  The  fuel  is  metered  by  a  regulating  valve  into  a 
decomposition  chamber  where  gas  is  produced  at  1960®R,  This  hot  gas  is 
fed  back  to  the  bootstrap  cylinder  and  to  the  utilization  device,  as 
shown  in  Figure  D-22.  A  starter  cartridge  of  hlgh-preesure  nitrogen 
provides  for  initiation  of  bootstrap  operation. 

3.2.  System  Design 
3-2.1. 

A  combustion  pressure  of  2CX)  psia  is  selected  and 
an  efficiency  facto:  ”0.5  for  the  hot-gas  percussor  is  assumed. 
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If  th«  fuel  flow  to  the  deconpoeltion  cheaber  it  regulated,  and  if  the 
tlae  constant  of  the  doeoaposltlon  chaaber  pressure  with  respect  to 
changes  in  flow  deaand  is  large  compared  with  the  tinw  between  blows  of 
the  percussor,  then  only  the  average  gas  flow  demand  of  the  percussor 
aust  be  supplied  by  the  hydrazine  generator. 


■  >■  c 

2 


(F-31) 


where 

Q  =  average  volume  flow  to  iapaetor,  JnVsec 
=  regulated  pressure,  psia 

K  energy  reofuired  to  drill  a  hole  in  rock,  in- lb 
t^  =  drilling  time,  sec 

f 

flj  =  efficienoy  factor 
Dg  =  hole  diameter,  in 
h  =  hole  depth,  In 

~  energy  per  unit  volume  required  to  remove 

C  ^ 

rock  in-lb/in' 


The  regulator  will  be  essentially  ■  serlha  Ip  ;c ,  tlierefore  the  rate  of 
efflux  of  mass  from  the  oas  generator  is 


M  =  dM  /dt 
d  g 


P 

_ r 

T 


r 


(F-32) 


Combining  Equations  (E-3I)  and 

.  TT  D  ^  1,  6^ 

M  =  M  t  =  t; — - - 

g  g  0  < 


(F-32) 


yields 


(F-33) 


ior  a  3/4  incii  diameter  hole  five  feet  deep  in  qranite,  and  v)s;ra 
=  80.7  f t- lb^/lb^°R ,  the  required  mass  is  1.12  pounds.  If  about 
10?  additional  mass  is  included  for  "dead"  volume,  tt  1.25  po'unds. 
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Slnct  hydrazine  has  about  the  same  density  as  water,  the  volume,  V  . 

3  * 

is  approximately  34*6  in  . 

3.2.2.  Fuel  Tank  and  Bootstrap  Unit 

A  fuel  tank  and  pressure* boost  system,  as  shown  In 
Figure  D-22,  was  designed  to  accomodate  the  reqviired  1.25  pounds  of 
hyirazine,  and  to  provide  a  pressure  difference  of  %  psi  between  the 
fuel  supply  and  the  decomposition  chamber.  A  decomposition  chamber 
pressure'of  200  psla  was  specified.  Using  a  minimum  wall  thickness  of 

f 

0.035  Inches  (20  gauge),  the  weight  of  the  tank  and  piston  assembly  is 

2.34  pounds.  The  tank  approximately  16  Inches  long  with  a  maximutr  diameter  of 

about  3  inches,  and  a  volume  of  about  Itv-  cubic  inches. 


3.2.3.  Decomposition  Chamber 

The  decomposition  chamber  should  have  a  time 
constant  for  a  change  in  flow  rate  which  is  large  compared  with  the 
percussion  tool  cycle  time.  For  a  rate  of  180  blows  per  minute,  the 
time,  7.,  between  blgws  is  0.33  seconds.  Therefore,  the  decomposition 
chamber  is  designed  for  a  time  ccnstant  of  3  seconds.  From  ASTIA  Report 
Number  AD142322, 


r  ~- 


T  y 
0  0 


1.5 


w,^  R,  T 
f  o  h  0 


(F-34) 


where 


T  = 

P  = 

a 

V  = 


time  constdnt,  sec 

average  chamber  pressure,  psi 
3 

chamber  volume,  in 


w,  =  average  fuel  flow  rate,  lb  /sec 


fo 

R 


=  gas  constant,  in-lb,/lb  R 


m 


T  =  average  chamber  temperature  °R 


For  a  drilling  time  of  78  minutes,  the  average  fuel  flow  rate  is 

0.027  pounds  per  minute.  From  Eguation  (F-34)  the  required  chamber 

3 

volume  for  a  three-second  time  constant  is  20.5  in  . 

A  chamber  is  selected  which  has  diameter  D,  and  which  is  composed 
of  a  cylindrical  section  of  length  3D  closed  by  ellipsoidal  ends  of 
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h»ight  D/4.  In  ordtr  to  provide  the  required  voliwe,  the  diameter  mutt 
be  3  inches.  If  the  minimuu  wall  thickness  is  taken  to  be  0.035  inches, 
then  the  chamber  weight  Is  0.95  pounds. 


3.2.4.  Source  Weight  and  Volume 

The  component  and  total  weights  of  the  hydrazine  source 
are  given  in  Table  F-1.  Note  that  one  pound  is  allotted  for  valving, 
starter  cartridge,  catalyst,  tubing,  and  a  prssture  regulator. 


Table  F-1 

Hydrazine  Source  Weights 


System  Components 
Hydrazine  fuel 
Fuel  tank  and  Booster 
Decomposition  Chamber 
Valves,  Catalyst,  etc. 


Weight  (lbs) 
1.25 

2.34 

0.95 

1.00 


Total  System  Weight 


5.54  lbs 


The  volume  of  this  source  is  less  than  0.1  cubic  foot. 


3 . 3  Discussion  of  the  Hydrazine  Hot-Gar>  Generator 

The  weight  of  the  hydrazine  system  is  much  less  than 

the  weight  of  a  storel-qas  system,  for  example,  the  nitrogen  source 

weight  for  a  3/4  inch  diameter,  five  foot  deep  hole  in  gra.nite  is  30 

pounds,  epenpared  with  5*5  pounds  for  a  hydrazine  source.  However,  the 

following  problems  associated  with  a  hbt~gas  generator  cast  considerable 

doubt  on  the  desirability  of  such  a  system  for  moon  drilling: 

a.  Flow  Metering.  The  orifice  area  required  to  meter  0.027  pounds 

of  hydrazine  per  minute,  with  a  50  psi  pressure  differential,  is  only 
"5  2 

about  1.86  X  10  in  .  This  means  a  diameter  of  about  0.0049  inches. 
Metering  orifices  of  this  size  would  be  impractical,  and  although 
reduction  of  the  pressure  difference  would  permit  a  larger  metering  area 
to  be  used,  a  decrease  of  the  pressure  drop  from  50  psi  to  5  psi  would 
only  increase  the  area  to  5.9  x  10  in  .  This  corresponds  to  the  area 
of  an  0.0087  inch  dlalieter  circular  orifice.  Furthermore,  a  pressure 
drop  across  the  inlet  to  the  decomposition  chamber  of  the  order  of  50  psi 
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*  is  desirabl*  to  pro*ote  atomisation  of  the  propellant.  Thus,  fuel 
metering  is  a  difficult  function  to  accomplish  In  the  liquid  propellant 
qas  generator. 

b.  Temperature  Level.  A  hot-gaa  generator  would  be  a  heat  source 
within  the  moon  capsule  and  would  tend  to  aggravate  the  problem  of  temper¬ 
ature  control  of  instnasents  or  other  equipment  associated  with  the  capsule. 

c.  Development  Costg.  Although  some  hydraslne  generators  are  now 
used,  the  design  of  such  systems  Is  far  from  straightfoward ,  and  the 
development  of  a  hydrazine-powered  moon  drill  would  be  much  more  costly 
in  time  and  money  than  to  use  a  more  conventional,  well -developed  type 
of  energy  source. 


4.  Batteries 

As  discussed  in  Section  IV  of  Appendix  D,  silver-zinc  storage 
batteries  are  insensitive  to  variation  in  ambient,  temperature  and 
current  drain,  are  rugged,  and  have  been  used  extensively  in  missile 
and  satellite  applications.  A  typical  silver-zinc  battery  will  provide 
33  watt -hours  of  energy  per  pound  mass  including  the  case  and  connectors. 

The  weight  of  a  battsry  source,  for  driving  a  moon  drill  can 
therefore  be  expressed  by  the  foilowina  equation 


W, 

o 


0.746  X  1C 


-6 


F. 

1 


( H-34) 


where  ttie  symbols  are  as  previously  defi.-ed. 

Thus,  for  .in  overall  efficiency  of  40%,  the  battery  weight  for 
drilling  a  3/4  inch  diameter  hole  to  a  dep^h  of  five  feet  in  granite  is 
only  about  2.5  pounds.  This  should  be  compared  with  30  pounds  for  c 
stored-gas  system  and  5.5  pounds  for  a  hydrazine  hot-gas  oenerator. 


5.  Disc'jssion  of  Energy  Sources 

Of  the  energy  sources  examined  above,  the  battery  is  definitely 
superior  because  of  its  substantial  weight  advantages,  and  also  because 
it  Is  less  complex  and  more  reliable  than  either  a  stored-gas  or  hot-qas 
generator  source.  However,  no  definite  conclusions  regarding  choice  of 
an  energy  source  can  be  drawn  without  consideration  of  the  complete 
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ptrcutBlon  drill  systM.  Section  IT  of  this  appendix  is  concerned  with 
the  drilling  eyetens  as  a  whole,  and  presents  weight  and  volume  estimates 
for  several  types. 


I 
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1.  I..troductlPii 

Th#r#  are  many  dlffarent  types  of  systems  possible  for  percussion 
drilling.  In  this  section,  the  two  general  classifications  of  percussion 
drill  systems,  zero-recoil  and  finite-recoil,  are  examined.  It  is  con¬ 
cluded  that  finite-recoil  operation  is  preferable  for  moon  drilling,  and 
two  limiting  modes  of  finite-recoil  percussion,  intermittent  and  con¬ 
tinuous,  are  considered.  The  conclusion  is  reached  that  maximum  drilling, 
efficiency  occurs  when  reaction  force  and  cyclic  rate  are  properly 
matched  in  continuous  percussion  drilling. 

Weight  estimates  are  presented  for  three  percussor  systems! 

(1)  a  stored-gas  pneumatic!  (2)  hot-gas  pneumatic;  and  (3)  a  battery-source 
mechanical  percussor. 

2.  Zero-Recoil  Percussion  Systems 

In  an  impact  drill,  a  force  internal  to  the  percussion  mechanism 
acta  on  a  hammer  mass  over  a  relatively  long  period  of  time,  thus  stoyinq 
energy  In  the  mass.  The  hammer  Is  then  allowed  to  strike  a  drill  rod 
which  is  in  contact  with  the  rock  being  drilled,  thereby  dissipating  its 
energy  in  a  very  short  period  of  time  and  causino  rock  fracture.  If  a 
reaction  force,  equal  to  the  internal  force  which  imparts  energy  to  the 
hammer  mass,  is  supplied  to  the  percussor  mechanism  as  a  whole,  then  the 
percussor  Case  will  remain  stationary  during  the  drilling  process;  i.e., 
no  recoil  of  the  percussion  system  will  occur  during  or  following  a 
hammer  blow.  In  a  zero-recoil  impactor,  the  forces  which  accelerate  the 
hanener  may  be  gravitational,  or  contact  forces  which  act  directly  on  the 
hammer  (and  thus  react  on  the  percussor  case). 


2.1 .  Gravity-Force  Actuated  System 

Figure  F-5  is  a  schematic  diagram  of  a  gravity-fall 


impactor. 

The  hammer,  of  mass  m^,  is  lifted  through  heiiht 
by  a  force  F,  ,  whiich  might  be  a  cable  force  derived  from  an  electric 

a 

motor,  or  which  might  be  supplied  by  a  regulated  gas  pressure,  P^, 

acting  on  the  area,  of  the  hanwser.  The  work  done  by  the  iwon's 

gravitational  field  on  the  mass  as  it  drops  through  the  distance  Y  is 
^  in 


'olroke  Y 


Hammer,  ra. 


Case  or  quide 


Anvi  1 


Schematic  Dlaqraa  of  Gravity- Force  Actuated  Percjssor 


E  =  m,  g  Y 
h  ■’m  m 


Assumlnq  a  10?  loss  of  this  energy  due  to  •ric*.  ion  and  other  effects 
the  cylinder,  the  enemy  per  Mow  trans'erred  *o  ‘he  rock  will  be 


E ,  =  0 .  Xii  m,  c  Y 
b  h  m  m 


In  order  to  produce  rather  large  chips  and  to  obt.iin  a  f.  .oh  deore»  of 

dr  illir.c  ei'ficiency  in  qran.ile,  a  threshold  er-eroy  E  of  approximately 

ICX)  in-lbs/inch  of  bit  diameter  must  be  supplied  to  tr.e  ’rill  bit  dur 

each  blow.  It  the  bit  diameter  isD  inches,  r'ren 

d 


tHu  Y„,  ^  1110  in- lb 

w  n  in  B 


In  terms  of  e^rth  weiqht,  W,  ,  of  the  hammer, 

n 


W,  Y  ^  666[)..in- lb 


F-22 


If  th«  maxiraum  hammei-  weight  is  taken  to  be  16  lbs  earth  weight,  and  the 
minimum  hole  diame'ter  to  ba  0.75  inches,  then  the  minimum  stroke  is 

^  31.2  Inches 

Since  the  drill  package  length  must  be  less  than  six  ’feet,  a  telescoping, 
cylinder  arrangement  is  required  to  produce  a  hole  depth  greater  than 
about  1  ft.  From  a  design  standpoint,  this  is  awkward  because  of  the 
valving  of  fluid,  (if  fluid  is  used  as  the  source  of  energy),  and  because 
of  the  mechanical  difficulties  of  extending  the  telescope  and  of  providing 
a  reasonable  seal  between  the  hammer  and  telescoping  members  of  different 
diameters.  Figure  F-6  shows  one  possible  configuration  for  such  a 
telescoping  Impactor,  upon  which  approximate  wpighl  and  volume  estimates 
can  be  based.  This  arrangement  will  permit  a  hole  of  about  5  feet  depth  . 
to  be  drilled. 

Details  such  as  valving  and  means  for  rotating  the  drill  bit  will 
not  be  considered  at  this  stage  of  the  study.  Rotation  would  be  provided 
on  the  up-stroke  of  the  hammer  by  means  of  a  ratchet  mechanism. 

'  A  minimum  tube  diameter  of  3  inches  ard  muximum  hammer  length  of 

6  Inches  are  assumed.  From  Figure  F-6,  and  with  l/l6"  thick  steel  *ubes, 

the  approximate  tube  weight  is  lbs,  and  the  approximate  weight 

of  the  drill  rod  is  (w)  .  «  51  lbs. 

rod 

It  is  seen  that  the  drill  Impactor  assembly  must  be  extended  prior 
to  the  start  of  irillina.  Thus,  its  upper  end  would  protrude  ‘'rom  the 
top  of  the  moon  capsule  by  about  four  feet.  I'ntpr  ♦^hese  conditions  th.e 
implementation  of  an  electric  system  would  bo  very  dittlcul*.  in 
addition,  some  method  of  cleaning  the  rock  chips  away  from  the  bit  must 
be  provided.  The  most  ‘‘easlble  method  of  chip  removal  appe  ;rs  *0  be  by 
means  of  a  oas  flow  (see  Appendix  C) .  This  suoupsts  thd*  cas  be  used  as 
the  means  of  liftlno  the  hammer.  The  gas  used  to  raise  the  hammer  can 
be  exhausted  through  the  drill  bit  prior  to  dropping  the  hammer,  thereby 
providing  chip  removal  without  ad  ied  weight  perialty. 


f  I 


I 
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Weight  requirenents  for  the  gas  (nitrogen)  and  cylinder  are  given 
in  Figure  F-3.  For  a  five  foot  deepi  3/4  inch  diameter  hole  in  granite, 


W  -  21.4  lbs 
s 

For  a  hole  diameter  of  1/2  inch. 


Wg  =9.5  lbs. 

An  added  weight,  W^, of  3  lbs.  is  provided  for  v.ilves,  a  regulator, 
and  support  iwmbers for  the  drill  assembly. 

The  total  estimated  weights  for  the  gas-operated,  gravity- fall 
system  are 


t  tube 


+  W 


od 


+  W 


W  + 

s 


W 


hammer 


(.'-■-39) 


For  a  3/4"  diameter  and  a  5  foot  deep  hole,  m  65*4  lbs.  A  l/2" 
diameter  reduces  tfie  (earth)  weight  to  about.  53.5  lbs. 

The  total  approximate  volumes  of  the  system,  when  collapsed,  are. 


V,  =  V,,  + 

t  hammer 


V.  +  0.25 


(The  1/4  covers  valving,  regvilator  and  other  small  parts), 
diameter  and  a  5  foot  deep  hole,  1.4  ft  .  A  l/2”  diameter 
volume  to 


For  a  3/4" 
reduces  the 


»  1.0  ft^ 

The  drilling  time,  allowing  lo  sec/cycle  will  be 


T  =  (Number  of  blows)  x  (time  per  blow) 


The  energy  required  to  '■rill  a  five- foot  hole  is 

nD.  2  5 

E  =  7-^  X  40,000  =  ^uD.  X  10^  in- lb 

where  40,000  =  ^  c  rock  removal/unit  volume. 

■  c 


I 
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Th«n,  If  »  tn«rgy/^lq<»'  frooi  Equation  (F-36), 

T  »  l.Sll^days. 

For  a  0.75”  dlawoter  hel«  five  feet  deep. 

T  2  0.85  dayt 

I 

and  for  0.50"  hole, 

T  «  0.38  days 

2 . 2  Zero-Recoil,  Contact-Force  Acceleration  Imoactor 

Fiqure  F-7  shows  a  second  type  of  recoilless  impact 

drill. 


Scheewtic  Didoram  of  Contact-Force  Recoilless  Impactor 

Fiqure  F-7 

This  device  would  be  suspenHe-^  from  the  moon  capsule  by  a  force  F^, 
and  would  function  as  follows.  Regulated  gas  pressure,  P^,  is 
admitted  above  the  harnner,  m.  ,  causing  it  to  accelerate  downwards  and 
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strik#  th«  tool.  Valve  sequtncing  is  arranged  so  that  the  source 
pressure  is  shut  off  just  prior  to  impact.  After  impact,  the  upper 
cylinder  chamber  is  ported  to  the  lower  chamber,  and  roost  of  the  gas 
confined  in  the  cylinder  exhausts  through  the  bit,  thus  removing  chips 
from  the  hole.  When  tVio  chamber  pressure  approaches  irro,  the  upper  ^ 
chamber  is  ported  to  lero  pressure,  allowing  the  fluid  below  the  piston 
to  return  the  hammer  to  the  raised  position.  The  oxhaust  port  above 
the  piston  is  then  closed,  the  rrgulated  pressure  P^.  is  again  admitted 
to  the  upper  cylinder,  and  the  eyrie  repeats.  Bit  rotation  can  be 
provided  on  the  return  stroke  by  means  of  a  ratchet  mechanism  as  in 
the  gravi  ty- fall  system.  Assuraino  tiiut  no  compressive  '"orce  is  transmitted 
to  the  moon  vehicle,  the  condition  foi  no  recoil  is 


m  cj  , 

c  nti' 


(F-41) 


whore  F,  is  the  maximum  internal  force  :n  the  hammer  cylinder,  and  m 
1  c 

■5  the  case  mass.  Since  also-acts  on  the  hammer  mass  m^, 


* '  ^ 

m,  y  -  m 

ii  ’  c 


(F-42) 


•  •  » 

or  integrating  from  y.  =  0  to  y  =  Y^,  and  y  =  0  to  y  *  y^. 


c 

"■b 


2  ™h 


•  2  <: 


Y 

m 


(F-43) 


If  a  lOi  loss  'or  friction  is  as^||aed,  ther,*  the  maximum  energy  per  blow 
which  can  be  delivered  to  the  rOCk  is 


E  =  0.90  m  g  Y^  (F-U) 

D  c  ni  m 

Note  that  Eqiation  (F-44)  is  Sdenti.'...’,  «=.?!  rrt,a*;c'  (F-3':)  for  *■>« 
free-fall  system,  except  that  the 'p'T*  nent  mass  here  is  the  case  mass 
rather  than  the  hammer  mass.  Thus,  this  system  h.is  an  advantage  over 
the  free-fall  system  in  thd*  advantage  may  be  taken  of  the  weight  of  the 
hammer  case,  while  the  mass  of  the  hammer  itself  may  be  small.  The 
hammer  mass  shoull,  howevr-r,  be  approx  imat  e  ly  the  same  size  as  the  anvil 
and  drill  rod  in  order  to  'acilitate  good  energy  transfer  between  these 
elements . 
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In  tht  gravity  systen,  th«  haMm«r  and  cai*  weight*  totalled  36  lbi» 

if  the  haiWMr  weight  were  linited  to  16  pound*.  In  the  pretent  systew, 

guides  must  be  provided  to  align  the  drill  with  the  moon  captule  during 

drilling  and  to  maintain  the  hole  essentially  vertical.  The  weight  of 

the**  elements  cannot  be  included  in  m  . 

c 

If  the  case  weight  is  limited  to  JO  lbS|  then  the  minimum  ttrok* 
to  tupply  the  threshold  energy  of  100  in-lb/in  is 

»c  ^  =*  “'"b 

=  22. 2D  .^Inches  (F-45) 

HI  n 

for  0.75"  diameter, 

Y  =  16.6  ;n 

IQ 

Therefore,  the  minlaua  length  of  stroke  for  the  contact- force  accelera¬ 
tion  system  is  about  half  that  of  the  free-fall  system.  However,  a 
telescoping  arrangement  i*  still  necessary  to  permit  the  drilling  of  a 
five-foot  deep  hole.  Furthermore,  since  guide  rails  and  a  feeding 
device  must  bo  incorporated  in  this  system,  the  complete  mechanism  appears 
to  have  only  a  slight  advantage  over  the  free-fall  system  either  in  terms 
of  weight  or  complexity.  Therefore,  it  will  not  be  considered  further  in 
this  study. 


2.3.  Suwma rv 

A  zero-recoil  percussion  drill  is  possible  for  operation 
on  the  moon.  It  is  not  recommended,  however,  due  to  the  mechanical 
pxOultins  or  impleHient ing  such  a  system. 

A  free-fall  impactor  capable  drilling  a  five-foot  deep,  3/4 
inch  diameter  hole  in  granite  would  weigh  about  66  pounds  on  earth 
including  a  gas-supply  system.  The.  required  drilling  time  would  be 
approximately  2U  hours. 

3.  Finl*t-Recoi  1  Percussion  Systems 

If  recoil  of  the  percussor  assembly  is  permitted,  it  Is  poeslbl* 
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to  dtlivor  a  larger  amount  of  onergy  per  blow  to  the  rock,  for  any  given 
reaction  force  and  percusaor  mats,  than  is  possible  when  recoil  is  pre¬ 
vented.  This  advantage  occurs  because  the  net  impulse  delivered  by  the 
reaction  force  to-the  haitmer  is  distributed  over  a  longer  period  of  time 
than  In  the  case  of  a  sero-recoil  system. 

3.1.  Modes  of  Operation 

Two  nodes  of  operation  are  possible  in  a  percussion  system 
where  recoil  i«  permitted.  These  modes  are  termed  intermittent  percussion 
and  continuous  percussion.  In  the  Int'ermittent  mode,  each  blow  of  the 
hammer  is  Independent  of  both  the  preceding  and  succeeding  blowsj  while 
in  the  continuous  mode,  a  steady  oscillation  of  the  hammer  and  percussor 
case  takes  place.  In  this  section,  these  modes  of  impact  drilling  are 
examined  and  the  conclusion  is  reached  that  continuous  percussion  i®  the 
tiora  efricient  type  of  operation.  Weight  estimates  are  made  for  a 
simplified  continuous  percussion  system. 

3.1.1.  Intermittent  Percussion 

Figure  F-8  1$  a  schematic  diagram  of  a  finite- 
recoil  percussor.  Tie  masses  0!'  the  drill  rod  assembly,  hammer,  and 
drill  case  are  ra^ ,  and  ,  respectively,  and  F^  is  a  constan* 
reaction  force  acting  on  the  case. 

In  intermittent  percussion,  it  is  assumed  that  the  effects  o*' 
any  particular  blow  of  the  percussor  completely  die  out  be^'ore  the 
next  blow  occurs.  That  is,  each  blow  is  initiated  when  the  percussor 
system  Is  at  rest,  fierce,  y^  =  y^^  =  0. 

When  the  percussor  is  actuated,  a  force  F.  acts  on  tiie  hamiser, 
accelerating  it  toward  the  drill  rod  assembly.  The  reaction  to  acts 
against  the  CoSe,  and  i f  >  F^,  the  case  will  be  accelerated  in  recoil, 
(if  F ,  <  r  ,  no  recoil  will  occur,  and  th«  system  behaves  as  described 
in  Sect  ion  2.) 

An  exact  analysis  of  the  'impact  and  recoil  behavior  of  the 
percusrsor  illustrated  in  Figure  r-8  reguires  quantitative  knowledge 
of  the  variation  of  the  accelerating  '‘orce ‘f^  .  However,  if  the  duration 


il  Percossor 
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of  Fj,  Is  short  cM^jartd  with  th»  tlmo  of  recoil  of  th*  case,  «  simplo 
analysis,  indtpandtnt  of  the  nature  of  F^,  is  possible. 

When  forces  on  the  case  are  susvner) 


Hj  -  =  «  y 

i  o  c  'c 


(f-46) 


For  the  haiwsor, 


(F-47) 


Or,  cowbining  Equations  (F-46)  and  (F-47), 


*c  ^  “  "S. 


-  I- 


(F-4B) 


Equation  (F-4d)  may  be  Integrated  with  respect  to  tiSM  over  the  duration 
Tg  of  the  acceleration  Thus, 


"c  ^'c  =  ^  ^h 


(F-49) 


Ass'Jtaing  that  is  small  compared  with  ,  and  that  Is  very  short, 
^0  neglected  in  comparison  with  y^.  From  Equation  (F-47)  , 

the  energy  transferred  to  the  haamer  mass  is^  by  is 


■  "Vi  ^h 


(F-50) 


Equations  (F-49)  and  (F'50)  are  cosiblned, 


m  ;  = 


b 


(F-51) 


After  has  acted  on  the  case,  Imparting  to  it  the  momentum  given  by 
Equation  (F-5I),  the  case  wlil  recoil  egeinst  th#  reectlon  force 
until  the  velocity  becomes  zero.  Thus 


F  (y)  =“m  y^=E»~ 

0  c  max  2  c  'c  t.  .« 


!!h 

'  b  m 


(F-52) 


The  recoil  dietance  is  therefore 


Tht  ti«®i  T^,  for  this  Maxlnum  distance  to  be  reached  sill  now  be  computed 
The  acceleration  of  the  case,  after  =  0,  i# 


+  C. 


(F-54) 
(F-55)  . 


From  Equations  (F-49)  and  (F-5I), 


(F-56) 


Integrating  Equation 
F 

(y  )  =  -  — 

max  m 

c 


(F-55) 


V  ^  ^  "h 


T 

r 


(F-57) 


The  criterion  for  intermittent  percussion  can  be  stated  in  terms  of  the 
time  between  Impacts,  T.,  and  the  time  0*  recoil,  T^.  For  slow  percussion 

T.  »  Tj.,  (:---5^) 

The  threshold  energy  for  formation  of  side  cT.ips  is,  for  a  3/4" 
bit  diameter. 


"b 


1  w 


4  U 


Assuming  »  2  lbs,  =  16  lbs,  and  =  10  lbs,  the  recoil  distance, 
from  Equation  (F-53),  Is 


inches, 

c  rra  x 


and  from  Equation  (F-57) 
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T  =  O.OSrt  seconds, 
r 


Figure  F-9  shows  a  plot  of  the  percutsor  case  notion  during  Internlttent 
percussion. 


Ampl itude 
of  Case 
Motion 


Case  Motion  Durlno  Interwittent  Percussion 
Fi^gure,  F-9 


At  t  =  t^,  the  percussor  Is  actuated  and  a  blow  takes  place,  irspartlnq 
a  recoil  velocity,  y  ,  to  the  case.  Durino  tlwe  T  ,  the  case  recoils 

CO  '  r 

aoainst  F  to  a  height  of  (y  )  .  As  F  continues  to  act,  the  case 

o  '  c  ma  X  0 

0 

then  accelerates  downward  and  reaches  velocity  y  again  when  y  =0. 

CO  ■  '  c 

The  energy  stored  in  the  case  as  kinetic  energy  at  this  time  must  be 
dteeipated  without  effectively  fracturing  additional  rock,  t i om  Lquat  on 
(F-ii'h),  >Ji«  energy  '■  r.  ti;e  cate  is  related  to  the  energy  delivered  to 
the  hamer  by 


(F-59) 


Typically,  for  *oon  drilling,  the  ratio  of  to  will  be  of  the  order 
of  one  to  eight.  Thus  a  loss  of  about  30i  of  the  input  energy  to  the 
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percu»$or  i«  Inherent  in  the  Intemittent  percussion  system.  Intermittenc 
percussion  will  not  be  considered  further  hers,  but  attention  la  now 
directed  toward  a  continuous  percussion  drill. 


3.1.2.  Continuous  Percussion 

In  a  continuous  percussion  system,  the  blow  interval 
is  less  than  the  time  required  to  complete  and  dissipate  the  recoil  associ 
ated  with  on#  particular  blow.  Thus,  the  recoil  behavior  after  any  single 
blow  is  influenced  by  the  preceding  and  succeeding  blows,  and  a  steady, 
cyclic  impact  and  recoil  process  may  occur.  , 

For  a  continuous  percussion  process,  the  average  reaction  force  F^^ 
mutt  supply  the  average  impulse  delivered  to  the  rock.  When  Equation 
(F-46)  is  Integrated  and  averager)  with  respect  to  time,  , 


r .  1 

-  1 

!  '  F  dt 

-  1  1'  K  -J*  i 

avq  j  i  ‘ 0  '  1 

L  j 

■  L"  J 

For  steady  operation, 
defined  as 


"  (a  y  ) 

avg  c  'c  avq 

The  average  reaction  force  F 

oa 


(F-CO) 


is 


/t 


avg/t 


(F-61) 


and  the  momentum  cjf  the  hammer  at  impact  is 


m,  y.  = 
h  'n 


f  F  .  dt 


one  blow 


(F  62) 


The  energy  per  blow  transferred  to  the  rock  is  therefore  related  to 


r 


Fj  dt  by 


Fj  dt 


One  blow  =  \/2  E 


(F-63) 


When  Equations  (F-60),  (F-6I)  ,  and  (F-63)  ^re  combined, 


where  T,  is  the  time  between  blows.  Lei  K  be  the  impact  rate  in  blows/ 
second.  Then 


I 


(F-65) 


% 


5 


Equation  (F-65)  is  valid  for  any  variation  of  with  time.  If  the 
atsumptlons  are  made  that  the  duration  of  is  short  coBjpared  with  the 
Impact  interval  T^,  and  that  U  constant,  the  behavior  of  the  case 
displaceiwnt  with  respect  to  time  is  shown  in  Figure  (F-10)  . 


I 


C.^se  Motion  During  Continuous  Percussion 
Figure  F-IU 


Each  cycle  is  parabolic  in  shape  and  is  symmetrical  with  respect  to 

(y  )  .  The  blows  occur  at  y  «  0.  The  velocity  of  the  case  just 

'^c  siax  ^  'c  , 

before  Impact  is  -  y  ,,  and  Just  after  Impact  is  +  y  ..  Thus  the 

C  e  C  i 

BOeientum  change  of  the  case  due  to  the  acceleration  of  the  hammer  is 


0 

momentum  *2  y^^ 

By  the  reasoning  which  led  to  Equation  (F-51), 


m 


c 


(F-66) 


(F-67) 
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For  a  constant  reaction  forco  F.,  tho  roooll  It  thoroforti 

0 

2  F„  m 
o  c 

Tha  tioM  to  recoil,  or  to  reach  It 

6  ImX 

T,  =>  T,/2  -V2  Ej,  ^  /  2 

Note  that  the  recoil  time  given  by  Equation  (F-69)  it  one  half  of  the 
recoil  time  for  the  Intermittent  percutsor.  When  it  replaced  by  1^, 
the  reciprocal  of  the  impact  rate,  Equation  (F-69)  it  identical  with 
Equation  (F-65)  provided  ■  F^. 

In  an  optimized  percuttor,  no  inherent  energy  lots  occurs,  since 
the  energy  of  recoil  is  not  dissipated  but  is  utilized  in  accelerating 
tne  nammer  for  the  next  blow.  However,  it  i«  i^gxirtant  to  note  that 
this  efficient  type  of  operation  can  only  occur  if  the  impact  rate  and 
the  reaction  force  are  properly  matched,  as  determined  by  Equation  (F-6$). 
Thus,  an  optimum  reaction  force  exists  for  any  given  impact  rate,  or 
conversely.  Equation  (F-65)  indicates  that  any  amount  of  energy  per 
blow  can  be  delivered  at  any  value  of  reaction  force,  provided  that  the 
impact  rat#  is  slow  enough.  However,  according  to  Equation  (F-63),  the 

s 

recoil  dietanctt  increases,  ^or  a  given  energy  per  blow,  as  the  reaction 
force  decreaeee.  Thus  a  mlnlOMm  reaction  force  can  be  established  In  a 
continuous  percussion  system  by  specification  of  the  allowable  recoil 
distance. 


(F-66) 


(F-69) 


3* 2 .  Flnite-.Recoil  Percutsor  Configurations 

Two  types  of  f Inits-reeol  1  percussors  eppeef*  feasible 
for  SMon  drilling,  namely  pneumatic  and  mechanical. 

3.2.1.  gas-Qperated  Percussor 

Figure  F-11  ie  a  achesMtic  diagram  of  a  gas- 
actuated  continuous  percussor.  This  configuration  will  permit  a  hole  of 
about  five  feet  in  depth  to  be  drilled  by  a  package  which  is  sowewhat 
less  than  six  feet  long.  Sheet  3  (at  the  end  of  Section  III  of  the  main 
body  of  the  report)  shows  an  art;ist'a  conception  of  an  alternative 
arrangement  for  the  gas-operated  percutsor.  The  internal  conetructlon  of 
the  percussor  itself  is  not  shown  since  it  consists  of  only  s  gas-driven 
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picton>haim«r  and  a  sequencing  valve  which  causes  continuous  oscillation 
of  the  p?8ton.  From  Section  2.1,  the  weight  of  the  drill-rod  assewbly  is 
about  5  lbs.  For  effective  transfer  of  energy  from  the  hammer  to  the 
drill  rod,  the  mass  of  the  hanser  must  not  be  small  compared  with  the 
mass  of  the  drill-rod  assembly.  The  hanner  mass  is  taken  to  be  2  lbs. 

To  minimize  recoil,  the  case  mass  should  be  considerably  larger  than  the 
hammer  mass,  as  shown  by  Equation  (P--6B) .  A  mass  of  16  lbs  is  assumed. 

For  formation  of  side  chips  and  efficient  rock  drilling,  u  threshold 
energy  of  100  In-lb/in.  is  required j  thus,  for  a  3/4  inch  diameter  bit, 

Efa  =  7^  in-ib.  For  a  reaction  force  equal  to  the  moon  weight  of  the 
case,  =  2.66  lbs,  the  recoil  distance  is,  from  Equation  (F-6‘^)  , 

(yc)^ax  ~  inches. 

fp-AQl  .  th«  time  between  impacts  must  then  be 

T j  =  0.329  seconds, 

or  the  cyclic  rate  is 

N  s  1/  =  180  blows  per  minuti. 

The  weight  of  the  guides  is  approximately  3  lbs.,  and  that  of  the  end 
plates,  1  lb. 

The  weight  of  this  pneumatic  hammer  assembly  and  package  is  shown 
in  Table  F-Il.  Note  thatan  allowance  of  3  pounds  is  made  for  miscellaneous 
components . 

Table  F-II 

Pneumatic  Rercussor  Weights 


Hammer  Components  Weight  (lbs) 

Percussor  13 

Drill  rod  and  bit  '  5 

Guides  and  Supports  4 

Miscellaneous  _ 

Total  Percussor  Assembly  Weight  30  lbs 


\ 
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To  obtain  the  total  tystea  walghti  th«  sourct  weight  nust  b«  added 
to  the  above  percuseor  asiembly  weight.  Two  sources  of  gae  will  be  con¬ 
sidered  |  nanely,  stored  gas  (cowpressed)  and  liquid  aonopropellant. 

3. 2. 1.1.  Stored-Gas  Source 

In  Section  1  -2.3»  the  weight  of  a  nitrogen  source 
is  estimated  at  3G  pounds  when  capable  of  drilling  a  3/4  inch  hole  five 
feet  deep  in  granite^  and  assuming  an  efficiency,  of  30$. 

In  the  stcred-gas  system,  bit  rotation  wolild  be  effected  by  a 
ratchet  aechanisa  during  the  return  stroke  of  the  haaner,  and  chip  re- 
aoval  would  be  obtained  by  passing  part  of  the  percussor  exhaust  gas 
through  the  bit. 

Drilling  time  for  a  3/4  inch  hole,  five  feet  deep  would  be  about 
78  minutes. 

T  =  (nuaber  of  blows)  x  (tiae/blow) 

S  78  minutes 

The  total  systam  weight  is  approximately  60  pounds  and  the  system 
volume  is  less  than  2.5  cubic  feet.  An  experimental  study,  reported  by 
Hughes  Tool  Company  in  Appendix  1,  Bi-weekly  Progress  Report  No.  3  of 
"Lunar  Drill  Study"  also  gives  a  weight  estimate  of  about  60  pounds  for 
a  pneumatic  percussor  system. 

3. 2. 1.2.  Liquid  Propellant  Source 

The  pneimatlc  percussor  described  in  Section  3.2.1. 
could  be  powered  by  a  hydra jin#  hot-gas  generator  of  the  type  discussed 
in  Section  1  -3.  For  the  hole  size  being  considered  here,  the  weight  of 
a  hydrssine  power  source  is  about  5.5  pounds. 

Since  high-teaperature  gas  cannot  be  used  for  chip  removal,  a  chip 
transport  system  must  be  provided  for  the  hydi azine-powtred  percussor. 

From  Appendix  C,  allowing  400$  aK>re  gas  for  cleaning  of  chips  produced  by 
percussion  than  is  required  for  cleaning  chips  produced  by  diamond  drilling, 
the  weight  of  a  chip  transport  system  srhich  must  operate  for  78  minutes  is 
approximately  2  pounds. 


f 


Thu»,.th»  total  system  weight  is  about  37*5  pounds  when  hydraslne 
fuel  it  employed.  There  are«  however »  several  problems  associated  with 
the  use  of  hot-gas  which  make  the  use  of  a  hydrazine  gas  generator  un¬ 
desirable.  These  problems  are  discussed  in  Section  I  of  this  Appendix 
and  in  Section  III  of  the  main  body  of  this  report. 

3.2.2.  .Mechanically-actuated  Percussor 

Sheet  4  (el^  at  the  end  of  opction  111  of  the  main 
body  of  the  report)  Is  an  artist’s  conception  of  a  mechanically- 
actuated  percussor  which  is  driven  by  an  electric  motor.  The  power  for 
the  motor  is  suppl ied , from  a  zinc-silver  storage  battery.  Although  this 
system  Is  only  one  of  isany  possible  arrangements  employing  mechanical 
actuation  of  the  hammer,  its  weight  will  be  approximately  the  same,  and 
its  efficiency  probably  somewhat  less  than  any  other  mechanical  system. 

Ac  Uy  4,  Jiivos  a  spiineo  shclll 

continuously  through  a  gear  reduction.  The  hammer  mam  slides  freely  on 
the  splined  shaft  in  a  vertical  direction,  but  is  forced  to  rotate  with 
the  shaft.  As  the  hammer  rotates,  a  follower  attached  to  the  hammer  moves 
along  a  cam  surface,  thus  lifting  the  hasseer  against  a  spring.  After 
about  IBO  degrees  of  rotation  the  hammer  has  been  lifted  from  its  lowest 
tp  its  highest  position.  The  cam  surface  then  drops  off  suddenly,  allowing 
the  spring  to  accelerate  the  mass  downjxards  toward  the  anvil  and  drill  rod. 
After  another  180  degrees  of  rotation  of  the  mass,  during  which  time  Impact 
and  case  recoil  occur,  the  cam  follower  on  the  hamnier  again  engages  with 
the  cam  and  the  hammer  starts  up  the  shaft  in  preparation  for  the  next 
blow. 

The  amount  of  energy  required  to  drill  a  particular  hole  in  rock 
with  such  a  percussor  will  depend  in  part  on  the  over-all  efficiency  of 
the  device.  The  energy  losses  in  this  percussor  will  arise  from  four 
main  sourcest 

(a)  Electrical  and  mechanical  losses  in  the  drive  motor.  An 
efficiency  of  90%  is  assumed  here. 

(b)  Frictional  losses  In  the  gearing  and  in  the  hameMr  guides. 

An  efficiency  of  75%  is  assumed. 

(c)  Energy  lots  due  to  intermittent  operation  of  the  percussor. 

It  is  assumed  that  SMchanical  limitations  in  the  cam  system  prevent  the 
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use  of  an  optimized  continuous  percussion  scheme.  Under  these  conditions^ 
an  s-nergy  less  occurs  which  depends  On  the  ratio  of  the  casing  mass  to 
the  hammer  mass.  As  in  the  case  of  a  ga's-operated  percussor  (see  Section 
3.2.1),  the  hammer  mass  must  be  at  least  Z  pounds  to  perMit  efficient 
transfer  of  energy  from  the  hammer  to  a  five-foot  drill  rod.  The  maximum 
practical  case  welghti  consistent  with  system  weight  limitations,  appear 
to  be  about  16  pounds.  From  Equation  (F-59),  the  efficiency  of  an  inter¬ 
mittent  percussion  system  is  therefore  about  805fi. 

(d)  Frictional  losses  in  the  cam.  Figure  F-8  Is  a  free-body 
diagram  of  the  cam  and  follower  system.  The  cam  profile  is  taken  to  be 
linear  for  purposes  of  estimating  the  cam  efficiency. 


Flour#  F-B 


The  forces  acting  on  the  cam  follower  are  seen  to  be  a  vertical  force 
V  from  the  springi  a  horizontal  force  H  from  the  hammer  torquet  and  a 
normal  force  N  and  tangential  force  from  tho  cam.  The  quantity  p  Is 
tho  coefficient  of  friction  between  the  follower  end  cam,  typically  0.15. 
Xhe  slope  of  the  cam  is  indicated  by  the  angle  (jf.  When  horizontal  and 
vertical  forces  are  summed. 


H  a  cos.yf  -f  N  Sln^ 


(F-7D) 
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V  3  N  cos^  -  |iN  sln^  (F”71) 

Th«  work  don«  by  th«  aotor  in  raising  Iht  bammsr,  neglecting  gravity,  is 


dW.  B  R  H  d  e 
n  c 

where 

N  s  work,  in-lb 
In 

R  =  can  radius,  in 
c 

Q  =  angle  of  rotation 

The  work  done  in  compressing  the  spring  Is 
d  =  R^V  t  (h)  tan^ 

where 

»  work  done,  in- lb 

h  =  compression  of  spring  =  rise  of  cam,  in 


(F-72) 


(F-73) 


The  efficiency  of  the  cam  is,  therefore 

.1^  .„H _ 

Or,  when  Equations  (P-'iC)  ,  (F-7l)  and  (F-74)  are  coMbined, 


(F-74) 


e  kiL-y.n.,£ 

"  1  "F  p  tan/^ 


(F-75) 


For  ^  3  45°  and  p  «  0.15,  the  efficiency  is  741.  This  cam  angle 
corresponds  to  a  3  inch  cam  lift  on  a  1.85  inch  diameter  haiweer.  The 
spring  constant  of  the  accelerating  spring  must  then  be  37.5  Ibs/inch  to 
deliver  a  blow  of  75  inch-pounds  if  the  effective  stroke  is  2  inches. 

If  the  cam  lift  is  reduced  to  2.5  Inches  and  the  effective  stroke 
to  1.5  inches,  the  cam  angle  <P  becomes  39.8  degrees,  and  the  efficiency 
becomes  74.2%.  For  f  »  50°,  the  efficiency  drops  to  73%.  It  may  be 
possible  to  reduce  the  coefficient  of  friction  somewhat,  perhaps  to 
p  3  0.1.  However,  if  this  is  accompl 1  shed f  the  efficiency  rises  to  only 
81.5%. 
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On  the  bails  of  the  preceding  calculations,  a  cam  angle  of  about 
45®  appears  to  give  performance  near  maximum  efficiency.  Under  these 
conditions  an  energy  loss  of  about  25%  will  be  experienced  if  the  coefflci 
ent  of  friction  Is  about  0.15. 

The  over-all  efficiency  can  now  be  estimated  ai  the  product  of  the 
efficiencies  determined  in  (a)  througii  (d)  above. 

S  0.90  X  0.75  X  O.PO  X  0.75  *  0.4  or  40% 

Using  that  over-all  efficiency,  the  energy  required  to  drill  a  five- 
foot  hole  of  3/4  Inch  diameter  in  granite  c.n  be  calculated, 

irt>  h  ^  , 

E  =  E  /ri,  =  -^--7 — -  2.64  X  10  in- lb 

o  i  1.6 

-  64. V  watt -nr 

I 

From  Section  1,  the  battery  weiaht  to  supply  the  above  energy  is  about 
=  2.5  lbs 

In  order  to  limit  recoil  and  the  associated  energy  loss  to  about  20% 
the  case  mass  of  the  percussor  must  be  eight  times  the  hammer  mass;  or 
since  the  minimum  hanmer  mass  is  2  pounds,  the  percussor  mass  nuet  be 
16  pounds.  Referring  to  Figure  D-24,  it  is  seen  that  a  0.1  hp  motor 
and  gear  box  for  diamond  bit  drilling  weighs  less  than  five  pounds.  This 
leaves  11  pounds  for  additional  gear  reduction  required  in  the  irapactor, 
a  spring,  spline  drive  shaft,  bearings  and  housing.  Guides  must  be 
supplied,  which  will  require  an  estimated  4  pounds.  The  drill  rod  and 
bit  for  drilling  a  five  foot  hole  will  weigh  about  5  pounds.  In  addition, 
a  chip  transport  system  is  required  for  chip  removal. 

Assuming  a  cyclic  rate  of  60  blows/minute  for  the  percussor,  the 
time  of  operation  will  be 

-  V /F  -  1.06  X  10^  in- lb ^  h 

‘  ‘^o  b  "  75  In-^/blow  3600  blows 


T  *  4  hours 
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Froa  Figura  C-12,  the  weight  of  a  chip  transport  system  for  4  hours 
operation  in  a  3/4  inch  hole  is  1 .25  pounds .  For  percussion  ^drilling,  j 
the  weight  is  taken  for  extra  gas,  or  about  2  pounds. 

The  component  and  total  weights  for  the  electric  percussor  can  now 
be  listed  as  In  fable  F-III. 


Table  F-IH 

F.lectric  Perc  issor  Weights 


Components 

Percussor  assembly,  including  hammer 
Gviides 

Miscellaneous  items 
Drill  rod  and  bit 
Chip  transport  system 

n  -  A.  - - 


Weight  (lbs) 
18 

4 
3 

5 
2 

i) 


Total  System  Weight 


34.5  lbs 


4.  Conclusions 

In  this  appendix,  three  types  of  energy  sources  were  considered 
for  driving  a  percussive  drill,  :.e.,  compressed  gas,  liquid-fuel  hot- 
gas,  and  a  storage  battery.  Of  these,  the  battery  source  was  found  to 
have  minimum  weight  and  probably  maximum  reliability. 

Two  kinds  of  percussion  mechanisms ,  gas-actuated  and  mechanically- 
actuated,  were  investigated.  These  two  mechanisms  are  representative, 
as  far  as  weight  and  volume  are  concerned,  of  the  feasible  moon-drill 
percussors . 

Three  complete  drilling  systems  were  evdluatedi  a  gas-actuated, 
stored-gas  driven  systemi  a  gas-actuated  hot-gas  driven  system;  and  a 
mechanically-actuated  battery  and  motor-driven  system.  For  drilling  a 
.3/4  inch  diameter  hole  to  a  depth  of  five  feet  in  granite,  the  system 
weights  arei 

(a)  Pneumatically-actuated,  stored-gas  source  6u  lbs 

(b)  Pne'imatlcally-actuated,  hydrazine  source  37.5  lbs  1 

(c)  Mechanically-actuated,  battery  source  34-5  lbs 
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On  tht  basis  of  this  proliialnary  feasibility  study^  three 
parcusslon  systees  have  been  found  to  be  possible  within  a  weight  llaUta' 
tlon  of  60  pounds.  The  system  which  has  ulnlwuM  weight,  probably  waximua 
reliability,  and  which  would  probably  require  the  least  developoent  effort, 
is  the  electrical  system.  However,  as  discussed  in  Section  III  of  the 
main  body  of  this  report,  this  conclusion  must  be  considered  tent'atlve 
until  a  more  thorough  study  of  the  percussive  and  rotary-diamond  drilling 
Mechanisms  can  be  made. 
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TEST  iiilUCEDUn-, ; 

These  tests  wer^'  !r;-io  o.n  t’ro  h),-  I.  pr-,ot.,  jrr  drilling  i.c^chir',  j.-  ■ 
o  noi'Jj.J’iei  eenor’  pernvi',  1  no  u  n,-  o  p  }  ev.  (■It  Irva.'.i  . 

A  bi load  oi‘  te  1;.  ’  1ft;,  pour-ls  wne  ottained  by  ni'.-'ijnt  i ng 

the  eo,j<  sar'pit  5r  i  .-iteel  boi-ler  weigoing  tiv-f  r>ounds .  T  -tal  bit 
1  t^ao  coneisten  oi’  i.iu  ot  the  individua;.  weights  of  the  steel 
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holder  and  the  rock  sample.  The  rock  holder  was  aligned  within 
the  drilling  chamber  by  a  rib  and  groove  arrangement  and  was  free 
to  slide  as  penetration  occurred. 

One  1-1/4”  2-cone  bit  was  used  during  the  tests  on  all  three 
formations.  The  formations  were  tested  in  the  order  of  softest 
to  hardest  to  minimise,  the  effect  of  bit  wear  on  the  results. 

Air  was  circulated  thjrough  the  bit  for  cooling  purposes  and  for 
removal  of  cuttings  from  the  hole.  Rate  of  air  flow  was  not 
deterra.lned. 


RESULTS : 


The  results  of  testa  on  Fterea  Sandstone,  Rush  Springs  Sandstone 
and  Gray  Granite  using  ij70  and  ll4o  RPM  are  listed  in  Tables  I 
and  II,  respectively. 


The  average  penetration  rates  of  Berea  at  570  and  ll4o  RPM  were 
4.72  and  3.75  ft, /hr,,  respectively .  Average  penetration  rates 
oi'  Hush  Springs  Sardatone  at  the  same  speeds  were  0.53  and  0.46 

i 'C  0  «  C' vji  v.1.'  4.  Ai  .L  A  I.J  wc  *.»  w s4  X  A  u  w  v/**  M** 

when  rotary  speed  was  Increased  from  570  to  ll4o 


4.  I  s  /  ilx  . 

sandstone 


RPM., 


One  interval  of  depth,  ,  312  inches,,  was  dri.lled  on  Gray  Granite 
at  a  rate  of  0,o6  ft. ./hr,. 


Practlcalli  no  tooth  wear  occurred  oui’ing  tests  on  Berea  Sandstone. 
Approximately  .020  Irich  of  diametrical  tooth  wear  occurred  during 
the  teat  on  Ru.sh  Si;rings  Sandstone.  During  the  24  minutes  required 
to  drill  the  .312  Inch  Interval  of  depth  in  the  granite  specimen 
the  cone  teeth  werf.'  v/nrn  smooth  with  t.hv?  cone  shell. 


Results  of  prellmlrary  tests  by  the  Drill  Rig  Section  are  listed 
below.  The  reaults  were  not  considered  to  be  reliable  because  of 
the  frlctiona.1  ef-f'^ct  In  the  loading  mechanism. 


Bit 

liTrTrilng  Rate  /  'Pt./Rr  .  At  li'otaVy 

•Load 

ISjieeds,  KPM,  Of: 

l.bs. 

i  "  51  i  325. . ..L  m _ 

Berea  Sandstone 
n  50  nf~0.31 


IH* 


L21 


Rush  Si 

wrings  Sand 

stone 

50 

— 

r  0.16 

125 

0.07 

~  0*0  23 

Gray  Granite 

50 

-- 

0.02__J 

\ 
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ATTACHMENTS ; 

Table  1  “  Resulta  Of  Drilling  Teste  Oalng  5?0  KP'xM  Hotarv  Speed 
Table  II  -  Reaulta  Of  Drilling  Teste  Usiug  1  l4o  RPM  Rotary-  Speed 
CONCLUSIONS : 

Results  of  thesG  testa  Ividlcafce  that  the  harder  rock  formations 
such  as  Hush  Sprl,r)ga  xSaiidstone  find  Gray  Granite  cannot  be  drilled 
satis.factoJ’il.y  vrlth  ohe  l-l/^f''  O-cone  bit,  50  pounds  bit  load  and 
either  370  o'’  ll^JO  RAM  rotary  speed.. 


•  }  ■'  «  .  I  •  ^  i.  -• 


J.  c,  STEFJjENSON,  mic';aLLURO  TOAL  DKrAHTMI' NT .  l,,AK)RATORy 


.10 8,’  hs 


G  -r 


?Cr 


TABLE  I 

Resuita  Of  Drilling  Tests  Using 

570~^PFlloHi^ 


Bit;  l-l/-*!''  2 "’Cone  , 

Bit  Load;  50  Lbs.,  Approx.  ,  ,  ,  /\ 

Clro.  l''.luid:  Air.  90  PST  '--■  j 


Teat 

No. 

■“Tiore"’ 
Deecr . 

Load 
Lbs . 

Interval 

No. 

Interval 

Depth 

In._. 

Interval 

Time 

Min. 

I)rl!),llng 

Rate 

Pt./Hr. 

1 

Berea 

.Sandstone 

51 0  7 

1 

2 

3 

_ 5 _ 

.297 

.313 

.281 

.500 

.327 

.327 

.327 

4.54 

4.5^ 

^.79 

4.29 

5.98  _ 

4.75  AV.I 

3 

Berea 

Set  ndstone 

5i”r<-') 

":i 

? 

3 

4 

5 

6 

_ 7 

.  4o6 
.34-4 

.344 

.312 

•312  J 

.292 

.453 
.353 
.  387 
..330 
.362 

L  .  .  1 

"T782'“  ■ 

4.40 

4.65 

4 . 4  5 

5-20 

4.35 

4.62 

5 

Jhish' 
Spring;  3 
Sandstone' 

53.". 

1 

0 

0 

.312 

1  .344  __ 

2  .07 
3.47 

4.11 

0 . 7  6 

0.40 

0 . 42 

■ 

0.5l 

Gray 

Granite 

52.'- 

r  ^ 

.312 

24.19 

o.dF 
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8"S“-6o 

j,a„s. 


a-  C 


TABLE  II 

Results  Of  Drilling  'Teste  Using 

YXyp'^Plj'l^f^.ary  i^peed 


Bit;  I-I/h"  g-Cone 

Bit  Load:  *50  Lbs ,  ^  Approx. 

Clrc,  Fluid:  Air,  9C  PS I 


Fi'est" 

"  '•  :Q.t  e 

''in^rva'i” 

"Iritei' va  1 

Interval 

No . 

Do  SOI'. 

Lead 

No. 

Depth 

Time 

Rate 

Lbs . 

In. 

Min. 

Ft ./Hr . 

rN 

C. 

Bereo 

51.t 

i 

.E^l 

Sandstone 

2 

.468 

.670 

3 -.4  9 

1 

''.OO 

,  667 

3  =  75 

>1 

:.r\r\ 

n  rr  *j 

■50/) 

. 

.... 

_ 

...  ;■  &00 _ 

_ uZ^l _ 

_ 

--.jp 

_ 

■  Pore  a . . 

Z:ji  .nd.u  f.ono 

i-  J 

_ J 

•'( 

~y~o~ 

•  5  '3 1. 
.500 
.531 

..531 
.  375 

■""•~:t;F7 — 
.667 
.667 
.  668 
.670 

.503 

3.75 

3 . 99 

3.75 

3  =  93 

3  =  97 

3.72 

5 

Hush 
.S;:- .rings 

<.-■  rjvJLi  (.'(.OTiP 

^  5"^  =  ^ 

1 

..28 1 

r-  "  03T 
3.25 

6  =  50 

0,43 

roT^F  ■■■■  ■ 
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INTflODUCTION : 

This  report  covers  on©  phase  o.f  a  aerlee  ol’  tests  run  to  develop 
a  drill  ivhlch  la  to  be  sent  to  the  moon, 

OBJECT; 

This  phase  oT  the  testing  was  carried  on  In  ordei'  to  determine 
the  drilling  rates  o.f  diamond  bits  at  various- rotary  speecJs  and 
different  air  flows.  These  testa  vjere  cari’ied  out  with  constant 
weight  on  the  bit.  luforraatlon  was  also  obtained  on  the  power 
required  to  drive  the  bit  and  input  and  output  air  temperatures 
to  and  from  the  bit. 


E.QUIPME'INT : 


All  tests  in  this  phase  were  carried  out  on  the  Laboratory  high 
pressure  drilling  machine.  A  schematic  diagram  of  the  setup  used 
appears  as  Figure  1  attached  to  this  report.  The  Rotameter  used 
was  a  Schut'ce  and  Koertlng  series  I8200  with  a  4  HCFb  tube  and  a 
44~J  float.  Input  air  temperature  was  measured  v^lth  a  mercury 
thermometer  inserted  into  a  tee  in  the  air  line.  Pressure  in  the 
Rotameter  was  read  from  a  Crosby  0-200  psl  test  gage  with  2  psl 
scale  divisions.  Air  flow  was  controlled  by  an  air  regulator  in 
the  line.  Output  air  temperature  was  measured  with  a  Copper- 
Cons  tantan  thermocouple  referenced  to  32**?  by  an  ice-water  mixture. 

Bits  used  were  manufactured  by  J.  K.  Smit  &  Sons,  Inc.  of  ftirray 
Hill,  N.J.  Both  bits  were  1-7/8"  (AX  size).  One  of  these  bits 


Q-S 
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waa  «  core  type,  mamifacturer’s  number  FX-99.  The  other  bit  waa 
3  conoave-face,  full-hole  type,  manufacturer ’ a  number  PY-l..  These 
DitB  wer-e  mounted  in  the  high  pressure  rig  by  means  of  a  small 

tf-ciapter , 


SPE0IM?;,NS ; 


All  teats  were  made  on  stock  specimens  made  for  the  high  pressure 
drill  rig.  Specimen  siaes  are  ahown  below. 


SpoclMon 

Berea  Sandstone 
Rush  Springs  Sandstone 
Gray  Granite 


Diameter  (In.)  Length  (In.) 

3-1/2  3-1/2 

3- 1/2  3 

4- 1/8  3-1/ 


TEIST  CONDITIONS : 


Exact  test  condltioni.  for  each  iun  are  sliown  In  Tables  1  and  2 
ottf.ched  to  this  report. 

liotary  speeds  v/ere  constant  at  90,  I89,  570^  '575^  and  ll4o  rpm. 
The  test  loads  were  hO  and  113  lbs.  The  exact  loud  on  the  bit 
varied  by  aa  much  as  *  0.23  lb,  The  average  load  shown  in  Tables 
.1  and  2  waa  determined  by  adding  the  weight  of  the;  rock  holder  to 
tie  average  weight  o  ’  the  rock  as  determined  by  its  we3,ght  before 
ciid  after  drilling.  Air  flow  vesried  slightly  frora  one  run  to 
ar’ot;her  due  to  fluctuations  in  the  plant  air  line  pressure. 


RiCfiULTTT 


Tl’.e  results  of'  this  phase  of  the  testing  are  tabulated  In  Tables 
]  and  2  and  sl,ov/n  graphically  in  Figures  2,  snd  4.  The  reader 
is  cautioned  to  obsei've  the  sccu.e  changes  on  Pigure  2  and  between 
Figure  2  and  Figure  3. 

Korfsepower  i’e.sulta  taken  during  the  core  bit  testa  (Table  l)  are 
considered  uni'ellablc.  This  was  due  to  the  high  pressure  packings 
in  the  drill  rig.  During  tests  rv  and  Y,  these  packings  were 
loosened,  but  some  heating  and  i'inding  effects  were  still  noted. 

The  packings  were  removed  and  replaced  by  brass  bushings  with  0 
rings  for  the  full  hole  bit  tests  (Table  2)  and  the  results  are 
considered  more  reliable.  The  I'eaulting  figures  are  still  not 
completely  accurate  due  to  the  large  scale  range  of  the  Watt 
meter.  The  horsepower  difference  in  operating  the  drill  rig  in 
the  loaded  and  unloaded  conditions  was  small  compared  to  the 
horsepower  required  to  operate  the  rig. 

Figures  2  and  3  show  that  drilling  rate  is  apparently  more  affected 
by  bit  wear  than  by  changes  in  air  circulation. 


Page  3 

L.J.  17530-2 

E.P.W. 


Bit  loads  shown  In  Figures  2  and  3  nominal.  Average  actual 
loads  for  each  teat  are  shown  In  Tables  1  and  2. 

Photographs  were  taken  of  the  core  bit  befoi’e  and  after  testing 
in  Gray  Granite  and  are  Included  as  Figure  5.  Figure  6  shows  the 
full-hole  bit  before  and  after  testing  In  Bc.rea  Sandstone.  The 
full-hole  bit  would  not  drill  Rush  Springs  Sandstone  at  all. 

ATTACHf'ENTS : 

Table  I  ■  Core  Bit  Data  and  Results 
TLiiie  3  ..  Full-hole  Bit  Data  and  Results 
Table  i  -  Order  of  Testa 

Pl-'ure  1  -  Schematic  Diagram  of  Setup  Used  During  Testing 
Fljvure  2  -  Core  Bit  -  Jlrllllng;  Rate  versus  iiotary  Speed 

3  -  Full-hole  ?;it  -  Drilling  Rate  versus  Rotary  Speed 
F't.yire  -'i  '■  Full-hola  Bit  -  Average  Horsepower  versus  Rotary  Speed 
Figure  .V  ••  Coro  Bit  -  Before  and  After  Testing  In  Gray  Granite 
]’'iguro  6  ••  Full-hole  Bit  »  Before  and  After  Testing  in  Berea  Sandstone 
CONCLUSIONS ; 

Tho  diamond  bits  used  In  these  tests  dulled  rapidly  In  Berea  Sandstone 
and  more  rapidly  in  Kush  Springs  Sandstone  c’.nd  Gray  Granite. 

These  bits  appear  to  be  unsuitable  for  drilling  In  the  above 
formations , 


/ 


-A. 

P.  Vi/ORDEN,  mnViLLUmJCAL 


DEPARTMENT, 


laboratory. 


e-»  o 


TABLE  1 

CORE  BIT  DATA  AND  RESULTS 


Test 

Number 

Hock 

Ito'fc^y 

Speed 

,(KPM) 

Average 

Load 

(lb) 

■  Hr 
Plow 
(cfm) 

Air  Temp. 

(op.) 

Drill 

Rate 

Power 

(HP) 

Input 

Output 

(.Ft/Hr ) 

X~1 

Berea 

90 

49.79 

28.9 

mp 

<•.» 

2.39 

-2 

Band" 

185 

1 

i 

29.2 

- 

3.00 

- 

^.*3 

}  «  +-  .-v*^  ^ 

kj 

r*  *~rf\ 

1  :  J 1 0 

i  tt 

29.5 

... 

7.50 

- 

-i) 

'  f! 

675 

11 

29.4 

- 

9.92 

- 

-5 

i  rt 

1140 

*1 

28.7 

; 

15.62 

•• 

II-l 

rt 

90 

:  .50.07 

27.6 

78 

81 

1.71 

-0.20 

185 

i  ti 

1 

28.2 

78 

81 

1.69 

~0.l8 

™3 

rt 

570 

fl 

1 

28.4 

78 

;  85 

3.76 

-0.01 

i» 

675 

?  rt 

1 

28.0 

78 

i  89 

4.54 

-0.15 

-5  . 

!1 

ll4o 

rt 

1 

28.0 

78 

j  96 

7.18 

-2,23 

III-l 

11 

90 

49.91 

22.7 

79 

'  82 

1.25 

-0.26 

-2 

ri 

18g 

n 

22.9 

79 

85 

1.88 

-0.25 

-3 

970 

'i 

23.2 

79 

89 

5.83 

-1..30 

-4 

ti 

t 

n 

0^3  n 

i 

n  T 

1  C  1 

li  I4 

-U  •  H'H 

-5-“- 

11 

ll4o 

ft 

23.0 

79 

91 

7.66  1 

-1.57 

IV- 1 

f! 

11.40 

49.90 

22.8 

79 

91 

8.25  ' 

2.24 

...o 

fl 

90 

II 

15.2 

79 

85 

1.26  ! 

0.12 

•-3 

fl 

18s 

rt 

15.1 

79 

87 

1.94 

0.11 

.-4 

ri 

576 

It 

15.5 

79 

88 

4.52 

0.37 

-5 

ri 

675 

15.4  ! 

79 

91 

3.87  , 

0.55 

-6 

n 

1140 

Vt 

15.4  i 

1 

79 

96 

6.63  1 

1,00 

v-1 

liuah 

90 

49.83 

27.6 

78 

80 

0.089  : 

0.21 

~2 

Springs 

185 

rr 

27.3 

78 

84 

0.130 

0.10 

~3  ■  i 

Band- 

970 

II 

27.3 

78 

99 

0.279  i 

-0.05 

1 

atone 

679 

71 

27.4 

7B 

106 

0.292 

JL  •  jl  r 

!  I 

t] 

1140 

" 

27 . 7 

7B 

108 

0.438  1 

-1.24 

Vl-l  j 

71 

90  i 

(I 

15.4  ; 

78 

79 

0.063  ; 

! 

IS9  ■ 

!! 

15  0  ! 

78 

82 

0.156  i 

... 

" 

.970  : 

1'-.,  6  1 

78 

94 

0.219  ! 

-4  j 

n 

679  i 

IJ  ! 

J 

15.11 

78  1 

97 

0.094  i 

-5  i 

1140  i 

71  f 

1 

15-0  j 

78  1 

109 

0.250  i 

- 

^  ) 

11 

675  1 

It  i 

1 

15.1  i 

78  1 

95 

0.063  1 

- 

VI1~1  j 

Gray 

90  i 

51.32 

28.9  i 

76  i 

75 

0.078  ! 

-2  1 

Granite 

185 

It 

29. 2*1 

76 

76 

0.078  ' 

- 

-3  1 

570  i 

If 

29.0  ! 

76  ; 

83 

0.125  i 

-4 

675  i 

It 

28  8  i 

76  ; 

87 

0.140  j 

.. 

-•  K  j 

J 

1140  i 

if 

l 

28  5  ! 

76  1 

96 

0.094  1 

- 

■'^Core  broke  during  this  test^  run  repeated  as  Test  No.  IV~1. 
**Run  as  a  check  on  VI~4. 
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TABLE  1  (Continued) 
CORE  BIT  DATA  AMD  RESULTS 


Test 

Number 

Rock 

HTo^BT 

Speed 
JgPM)  1 

Load 

(lb) 

Air""' 

Flow 

(cfm) 

Air  OJemp. 

_  ■■■  S  *  /■_. _ 

Drill 
Rate 
(Pt/Hr ) 

lower 

(HF) 

Input 

Output 

VI 1 1-1 

Gray 

90 

51.32 

15*3 

76 

77 

0.016 

<2 

Granite 

185 

It 

15.3 

76 

79 

0.000 

.. 

T? 

570 

•• 

13.8 

76 

94 

0,047 

...4 

T! 

675 

f) 

15.4 

76 

102 

0.094 

ft 

11 '10 

If 

15 . 4 

76 

116 

0.063 

IX~I 

Be  r  e  a 

90 

30 . 08 

15.6 

76 

85 

0.250 

•i. 

.,.0 

.'Sand-' 

183 

tl 

15.3 

76 

86 

C.363 

!  •■■■■) 

stone 

370 

” 

15  0  4 

76 

90 

0.773 

i  „..>i 

ft 

873 

tl 

13  0  2 

76 

91 

1.59 

- 

; 

1 

it 

11 -'10 

” 

13.0 

7b 

96 

I..92 

1 

1  ^  t  •  j. 

tt 

90 

•’■!9  77'- 

7.4 

76 

82 

0,313 

t 

n 

J.o3 

7.4 

76 

83 

0.785 

... 

!  -1 

ii 

r'i'C. 

7 ..  4 

76 

88 

2.23 

.■ 

" 

M 

rt 

1  0 

76 

39 

1,83 

li-'-ib 

7^) 

96 

2  oil 

C.  ' 

XI-'l 

" 

90 

ty,8l 

3  ■  3 

78 

83 

0.219 

...  'V 

185 

U 

"•  -  5 

76 

86 

0.250 

... 

370 

M 

1 ,  Q 

?6 

90 

0 . 125 

■  t 

1; 

073 

3.8 

76 

94 

0 .  b65 

- 

..13 

,1,1  to 

n 

3 . 6 

77 

98 

1.21 

Huaji 

90 

'!-9.98 

13.7 

77 

73') 

0.000 

-  2 

Springs 

1B3 

H 

16.1 

77 

78/ 

0.000 

- 

Sand- 

370 

•1 

I6..1. 

76 

77-03 

0.031 

- 

3  tone 

673 

15.4 

77 

79\ 

0.031 

■••‘3 

” 

iito 

M 

13  .'i 

77 

j 

0.000 

i 

-J 

- 

■ ' Cere  s I i p pp o  j. n  n o d e 2  .. 

|z1  3(e  used  re.fei'enco  ^lunctlon  on  thermocouple  melted.. 
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TABLE  2 


FD3X-H0LE  BIT  DATA  AND  RESULTS 


1  _  , 

V  •  w 

Muraber 

■  Rotary 
Speed 
(RPM) 

Average 

Load 

(lb) 

■[Oi3] 

HIS 

pm 

firili 

Hate 

(Pt/ib:-)_ 

Power 

(HP) 

fesnsiai 

xi:ci-i 

Berea 

90 

— — 

49.68 

■  ■■■  ■  ■  9 

28.4 

74 

77 

0.156 

0.08 

-2 

Sand- 

185 

If 

28.3 

75 

78 

0.664 

0.15 

-3 

stone 

570 

ft 

28.8 

75 

80 

2.14  , 

0.27 

tl 

1140 

n 

29.1 

75 

82 

4.00  ' 

0.67 

XIV- 1 

11 

90 

112.88 

29.0 

75 

78 

0.125 

0.05 

-2 

185 

It 

28,6 

75 

80 

0.125 

0.12 

!l 

570 

28.4 

75 

85 

1.52 

0.33 

..4 

11 

11 40 

It 

28.6 

75 

87 

2.80 

0.85 

XV- :l 

It 

90 

49.77 

15.4 

76 

78 

0.000 

0.09 

11 

185 

ft 

15.6 

76 

79 

0.031 

0.16 

-3 

" 

570 

tl 

15.6 

76 

85 

0.313 

0.37 

): 

-f 

f' 

llio 

tl 

15.7 

76 

101 

0.656 

0.92 

XVI- 1 

it 

00 

112.88 

15 . 4 

76 

83 

0  .031 

0.05 

-2 

(t 

185 

ft 

15.4 

76 

85 

0.063 

0.18 

"3 

n 

570 

n 

15^1 

76 

101 

0.250 

0.38 

_,4 

M 

1140 

n 

15 . 2 

76 

126 

1.22 

1.06 

xvi:'-:i 

11 

90 

49/^5 

7-6 

76 

35 

0.000 

0.03 

'P 

w 

185 

n 

7.6 

76 

85 

0.000 

0.17 

-3 

It 

570 

tl 

7.7 

76 

93 

0.063 

0.45 

.-4 

11 

1140 

n 

7-7 

76 

106 

0.688 

0.73 

xvi:ci-i 

»’ 

90 

112,99 

7.6 

76 

67 

0.000 

-0.04 

-•2 

11 

185 

n 

7.5 

76 

87 

0.000 

0.13 

"3 

tl 

570 

ft 

7-7 

76 

90 

0.000 

0.38 

„.4 

11 

ll4o 

it 

7.4 

76 

106 

0-125 

. . . ,,] 

0.93 
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TABLE  3 
ORDER  OF  TESTS 


I 

Goi’e  Bit 

50 

lb* 

load 

Berea  Sandstone 

28  cfm 

II 

n 

ti 

n 

n 

III 

ti 

n 

ti 

23  Cfm 

IV 

(1 

IT 

K 

15  cfm 

V 

71 

ti 

Rush  Spring 
Sandstone 

28  cfm 

VI 

ai 

tt 

n 

15  cfm 

VII 

it 

ft 

Qvay  Granite 

28  cfm 

VIII 

It 

ti 

It 

15  cfm 

IX 

11 

ti 

Berea  Sandstone 

15  cfm 

X 

!V 

It 

II 

7.5  cfm 

XI 

i« 

n 

It 

3.8  cfm 

XII 

M 

Rush  Springs 
Sandstone 

15  cfm 

11 

XIII 

Pull-hole  Bit 

Berea  Sandstone 

23  cfm 

XIV 

n 

113 

lb. 

load 

It 

i; 

XV 

11 

50 

Ib. 

load 

n 

15  cfm 

XVI 

II 

113 

lb. 

load 

Tt 

It 

XVII 

11 

50 

lb. 

load 

11 

7.5  cfm 

:viii 

113 

lb. 

load 

11 

It 
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CORE  BIT  -  BEREA  SANDSTONE 


FIGURE  2B 


FULL  HOLE  BIT 
BEREA  SANDSTONE 
7.5  CFM 


FIGURE  3 
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8-18-80  EPW 


ROTARY  SPEED  -  R 


800 

PM 


1000 


FULL  HOLE  BIT 
BEREA  SANDSTONE 
15  CFM 
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ROTARY  SPEED  -  RPM 


FULL  HOLE  BIT 
BEREA  SANDSTONE 
26  CFM 


FIGURE  38 
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HUGHES  TOOL  COMPANY 

LA]30RAT0.RY  REPORT 
August  25 ^  i960 

SUBJECT:  Jackhammer  Tests  On 
Karris  Granite,  Rush 
Springs  Sandstone  And 
Berea  Sandstone. 

RP:P,:  Verbal  Request  from 
E.  C.  Berube,  8-I-60. 

L.J.  17530-2 

Project  40021  1JN~64 

Job  Open 

yNTjfODUCTIOrl : 


TO : 

S  : 

C. 

}<] 

CC  ! 

P  ^ 

G. 

Reeve  (2) 

t! 

K. 

V’llliemaon 

F. 

A. 

McCoi’mlck 

E. 

M. 

Galle 

a . 

0. 

Atkinson 

G  • 

R. 

I'.lng 

J. 

0. 

Ennlrik 

J. 

G . 

Steohenson 

This  lf.iborator,y  Job  Is  part  of  the  moon  (Jril.L  study.  It  was  set 
up  oo  Investigate  the  feasibility  of  drilling;  a  hole  to  a  depth 
cf  3-iO  ft.  on  the  moon  using  n  pe»’cusaoi''  drill  driven  by  a 
container  oi’  compreooed  gas. 

OBJECT: 

The  object  of  thla  laboratory  .,;ob  la  to  perform  drilling  tests  on 
Harris  Granite,,  Kush  Springs  Sandstone  £ind  Berea  Sandstone  to 
ceter-m.lno ; 


1.  Brill Ing  rate  using  a  percunsor  drill  operated 
by  air  and  ha  Hum. 

2.  Flow  rate  of  gas  used  to  operate  the  percussor 
drill. 

PERCUSSOR : 

An  Ingersoll'-Rand  JlOA  Jackhammer  and  three  bit  sizes  were  used  to 
perform  the  drilling  tests  on  t.hls  Job.  The  bit  sizes  were  3/4", 

1"  and  1-1/4"  diameter.  All  three  bits  had  tungsten  carbide  insets 
In  the  cutting  head.  The  3/4"  and  l"  bits  were  chisel  type.  The 
1-1/4"  bit  vjas  a  cross  point.  General  information  on  the  Jackhammer 
and  bits  is  listed  in  Table  I. 

Tests  were  made  to  determine  Jackhammer  operating  speed,  blows 
per  minute,  with  air  and  helium.  Air  flowing  through  the  jackhammer 
at  rates  of  10-25  CFM,  S.T.P.,  resulted  in  speeds  of  1980“2280  BPM 
for  the  3/4"  bit,  1920-2280  BPM  for  the  l"  bit  and  1740-2040  BPM 
for  the  1-1/4"  bit. 
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Helium  flows  of  25-50  CFM,  S.T.P.,  resulted  in  speeds  of  1920-2280 
BPM  for  the  3/^"  drill .  Recordings  made  during  the  tests  to 
determine  blows  per  minute  Indicated  that  ths  blows  using  helium 
did  not  occur  as  uniformly  as  with  air. 


Air  flow  x’atea  resulting  from  Jackhammer  operatiiig  pressures  of 
13-58  PSJ,  are  shovni  graphically  In  Figure  1.  Helium  flow  rates 
resulting  from  the  i-ariie  operating  pressures  were  2. 4-2. 6  times 
greater 
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H.CFB-1/2*'  tUtlBfiO  rotameter  viaa  purchased 
flow  through  the  Jackhammer.  Rotameter 
70^  V  and  ].i.7  PBIA.  is  11.6  CPM, 


•ite.  Rush  Oprln;^^:!  Sandstone  and  Berea  Bar.dstone 
-eats.  AJ. teat')  o.t)  each  type  of  rock  were 
ik  of  i.he  tiG'hlaj.'  rurmat-ion,  It)  o.’cder  v-o 
'.niforp'itv  from  ')ole  to  hole  . 


.\n  attempt  aaa  m.'idt*  o  maintaV')  a  conatant  Jackh -irimier  bit  .load 
r;ring  these  testa.,  load  oonaistod  o.C  the  weight  of  the 

j.ic !<.haii)mer  ixid  b:'t  ■.lu;,  O!;  e.at  hr.atod  fo;cce  of  .1.0-15  pounds  applied 
by  the  ope .r a  tor-  , 


.■.'.cel.  iiriJ.nar'y 
gas  flow 
use  of  a  flo 
the  dscreasa 
interval  to 

•»  f  *1  f  .I  o  n  "f*  •)  ' 

V  w  V..  vJ  lu  J  V  J 

as  for  air-, 
various  cond 
smvilar  cono 
not  obi-alrici 
tdstfi,  1-“14. 


tCB'Ci, 


VatCi 
w  niO  '-c  !' 

in  h.R: 
the  .il 
d  sped 
tht  pin 
It ions 
i  tj.oiis  , 

\.  .  .  V*  j 

are  11 


;i';:  tnoGt'  vv.lth  rie.l.ium  and  nitrogen  to  determl.no 
■’.li  I'stii’fn  ;;tor  il.v  b?  deternined  vjitliout  the 

’■''olu.me  rate  of  flcv/  was  determined  by  relating 
'.j.e  pi'cesure  w’r.icii  occui'/.ed  du.ving  a  d.riillng 
umc  of  pas  contained  in  the  bottle  ,  Since 
fie  weicjht  o.f  nitrogen  ie  pi^actically  the  same 
os  V'/ere  to  '.letermine  nitrogen  flow  rates  under 
and  assume  air  flovo  to  be  the  same  under 
Satl.efact.vi-y  flow  rate  determinations  were 
;3  procedure.  7he  reeults  of  the  preliminary 
a  ted  in  Table  II. 


Results  of  teat^3  using  the  3/4  '  l''  and  1-1/4"  bits  are  listed  in 

Tables  IV  and  V,  respectively.  Drillirg  rate,  gas  flow  rate, 

pounds  of  gas  per  Inch  of  hole  depth,  pounds  of  gas  per  cubic  inch 
of  rock  removed  and  cubic  feet  of  gas  per  inch  of  hole  depth  are 
listed  in  Tables  III,  IV  and  V  for  each  test. 


Drillirig  ro  1 0  as  related  to  jackhaimrier  gas  consumption  is  shown 
graphically  for  Harris  Qranite.  Rush  Springs  Sandstone  and  Berea 
Sandstone  in  Figures  2,  3  and  r-eepectively .  Jackhammer  operating 
pressure  can  be  related  to  the  curves  in  Figures  2,  3  and  4  by 
referring  to  Figure  j  . 
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Cubio  feet  of  gas  per  Inch  of  hole  depth  Is  plotted  against 
Jackhatrimer  a;U?  flow,  or  operating  pressure  which  is  directly 
related  to  flow,  as  an  aid  to  determining  the  optimum  flow 
related  to  all  three  formations  tested »  Plots  for  the  3/^",  l" 
and  1--1/4'*  bits  iippear  in  Figures  5,  6  and  7,  respectively. 

For  example  In  Flgiu’e  1,  the  optimum  Jackhammer  air  flow  for  the 
3/t'"  bit  would  be  about  18  CPM  or  more  when  considering  the  moon 
drilling  problem  from  the  point  of  view  that  the  rocks  encountered 
may  be  similar  to  Berea,  Rush  Springs  or  Harris  Granite. 

Manufacturers  recommended  operatljig  pressure  for  the  Jackhammer 
is  80“100  PSI.o  Due  to  the  setup  used  during  these  tests  the 
maxinum  o\  noting  pressure  obtained  was  about  65  P3I. 

Tv;o  Intervals  of  depth  were  drilled  in  llfirris  Granite  using  jack- 
iiamraor  operating.'  pressures  of  70  and  103  PSI  The  rotameter  and 
accessory  eguipment  were  removed  from  the  setup  in  order  to  obtain 
operating  preaeures  above  65  PSI.  Drilling  j-ate  with  the  3/^"  bit 
at  70  and  103  PSI  was  27*5  and  33'.7  ft. /hr.,  respectively, 

A  reejuest  was  made  to  drill  Beroa  Sandstone  vilth  the  Jackhammer 
using  5  pounds  bit  load..  The  Jackhammer  was  suspended  in  the 
drlliling  poolbion  by  use  of  springs,  a  scale  and  a  rope  and  pulley 
arrangement,  A  motion  picture  was  taken  of  this  drilling  operation. 
!\o  data  was  taken. 
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“  Results  Of  Jaclcliammer  Drilling  Tests  Using  A  1-1/4"  Bit 
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Figure  6  -  Effect  Of  Jackhammer  Qas  Flow  Kate  On  Gas  Requirements 
Per  Inch  Of  Hole  Depth  Using  A  l”  Bit 

Figure  7  -  Effect  Of  Jackhammer  Gas  Plow  Kate  On  Gas  Requirements 
Per  Inch  Of  Hole  Depth  Using  A  1-1/4''  Bit 

COHCLUSIQ.Na ; 

1,  Penetration  rate  varied  according  to  bit  size  and 
formation.  Tnoresses  in  bit  size  were  accompanlad 
by  decrease;")  in  penetration  rate  and  Increasea  in 
volume  of  gas  required  to  drill  an  inch  of  hole 
depth.  Inci'easea  in  formation  hardness  Viad  the 
same  general  effect  as  Increasea  in  bit  size. 

2.  From  the  standpoint  of  volume  rate  of  flow, 

air  had  on  advantage  over  helium  as  an  operating 
gao  for  the  Jackhammer ..  From  the  standpoint  of 
operating  pressure  at  the  Jackhammei.  ,  the  use  of 
helium  reau.'.ted  in  a  higher  penetration  rate  than 
air  at  the  Maine  preaaui'es..  Resulty  indicate  that 
oi.r,  or  perhaps  a  heavier  gas,  would  be  desirable 
for  u  iiiouxi  drillings  project  of  this  type. 

i  3.  Indications  are  thet  a  percunsor  type  drilling 

operation  wou.ld  he  feasible  for  moon  drilling 
application 


J.  G,  STEPHENSON  AND  J.  M.  EDW/vKDS, 
MTALliJRGICAL  DEPARTMENT,  LABOI-LATORY . 
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TABUS  I 

GENERAL  INFORMATION  ON  JACKHAMMER  AND  BOTS 


Wgt.  Length  (overall) 


\/i\”  Chisel  Steel  1.88# 
i’'  Chisel  Steel  2.l6# 
1-1/4”  Cross  Bit  V/lth  Steel  5*61# 
1-V4'''  Cross  Bit  V/lthout  Steel  0.43# 


13-5/8 

13-7/8 

31-3/8 


M 

fi 

n 


Wgt..  of  Entire  Drill  15-66# 

Wgt.  of  Handle  Assenbly  3-22# 

(including  part  #26oJlOA) 


Bote 
Stroke 
Piston  V/gt, 


1.595# 


1.874” 
2. 062”*' 


*Approx.  effective  stroke  1,8.12”. 
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EFFECT  OF  OPERATING  PRESSURE 
ON  AIR  CONSUMPTION 
OF  J  10  A  JACKHAMMER 
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EFFECT  OF  JACKHAMMER  GAS  CONSUMPTION 
ON  DRILLING  RATE  OF  RUSH  SPRINGS  SANDSTONE 
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EFFECT  OF  JACKHAMMER  GAS  CONSUMPTION 
ON  DRILLING  RATE  OF  BEREA  SANDSTONE. 
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EFFECT  OF  JACKHAMMER  GAS  FLOW  RATE  ON 
GAS  REQUIREMENTS  PER  INCH  OF  HOLE  DEPTH 
USING  A  I"  BIT. 


FIGURE  5 
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EFFECT  OF  JACKHAMMER  GAS  FLOW  RATE  ON 
GAS  REQUIREMENTS  PER  INCH  OF  HOLE  DEPTH 
USING  A  I"  BIT. 
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EFFECT  OF  JACKHAMMER  GAS  FLOW  RATE  ON 
GAS  REQUIREMENTS  PER  INCH  OF  HOLE  DEPTH 
USING  A  1"  BIT 
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INTilODUCTION ; 

Th:i.3  report  covers  one  phase  of  a  series  of  tests  run  to  develop  a 
di-’iTl.  which  la  to  be  sent  to  the  moon. 

OBJECT; 

Tlila  phase  of  testing  was  carried  on  In  order  to  evaluate  the 
performance  of  a  Stanley  “Sonic"  drill  In  Rush  Springs  Sandstone 
and  Harris  Granite.  Four  different  types  of  bits  were  used  In  these 
tests. 

EQUIPMENT; 

The  drill  used  In  thl.a  phase  of  testing  was  a  "Sonic"  model  4o4 
manufactured  by  Stanley  Electric  Tools,  Division  of  The  Stanley 
Works,  New  Britain,  Conn.  This  drill  Is  rated  to  1/2"  to  4"  diameter 
bits.  The  no  load  KPM  Is  900.  This  drill  Is  rated  to  draw  12  amperes 
of  current  at  a  potential  of  II5  volts.  The  drill  vibrates  at  approxi¬ 
mately  21,000  Impacts  per  minute.  Pour  different  bits  were  used  in 
these  tests.  The  first  bit  tested  was  a  drag  type  bit  which  was 
supplied  with  the  drill.  This  bit  has  a  2"  O.D.  and  a  1-3/8"  I.D. 

This  bit  has  eight  tungsten-carbide  Inserts  mounted  on  the  cutting 
edge  (see  Figure  1).  Two  of  the  bits  used  were  the  same  1-7/8" 
diamond  bits  which  were  tested  In  a  previous  phase  of  this  Job. 

One  of  these  was  a  full-hole  type  and  the  other  a  coring  type.  The 
last  bit  tested  was  a  1-1/4"  two  cone  soft-formation  rotary  bit. 

This  la  the  same  bit  that  is  normally  used  on  the  high  pressure 
drilling  machine.  The  last  three  of  these  bits  were  attached  to 
the  drill  by  means  of  a  special  adaptor.  A  swivel  on  this  adaptor 
p€!rmltted  air  to  be  circulated  through  the  bit. 
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Powex'  consumption  was  measured  by  means  of  a  wattmeter  preamplifier 
in  the  Sanborn  recorder.  This  device  was  connected  to  the  power 
supply  line  through  a  25  ampere  50  mv  shunt. 

SPEC  BENS; 

These  tests  wex’e  run  on  Harris  aranlte  #1  and  Rush  Springs  Sandstone 

#69. 

TEST  CONDITIONS : 


The  drag  ?jit  was  run  with  50  and  100  lbs.  of  load.  The  two  cone 
bit  was  given  a  50  lb.  load  and  the  diamond  bits  were  loaded  at 
100  lb.  These  are  nominal  loads;  the  exact  loads  used  on  each  bit 
ai’e  shown  in  Table  I.  Loads  were  obtained  by  hanging  steel  weights 
on  the  handles  of  the  drill.  The  rotary  speed  of  the  drill  was  90O 
RPM  under  no  load  conditions  and  830  RPM  under  loaded  conditions. 

was  guided  and  kept  from  turning  by  hand,  but  no  exti'’a 
applied.  A  small  starter  hole  was  drilled  before  any 
v/aa  taken  from  each  hole.  Air  was  supplied  for  bit  cooling 
Sea  during  ail  tests  except  those  in  which 
Hole  cleaning  with  the  drag  bit  is  carried 


The  drill 
foi'Ce  was 
tost  data 
and  hole  cleaning  puri 
the  drag  bit  was  used, 


out  by  the  action  of  a  spiral  notch  machined  on  the 
Air,  vfhen  used,  was  supplied  by  the  Lab.  air  system 
means  of  a  Rotameter. 


core  barrel, 
and  measured  by 


RESULTS ; 

The  exact  reaulto  of  each  run  made  a.ve  tabulated  in  Table  I.  Test 
number  1  was  discarded  since  it  v/aa  I'-un  on  a  piece  of  Rush  Springs 
Sandstone  different  from  the  one  used  in  other  tests  on  this  Job. 

The  same  Ruah  Springs  apecimen  that  had  been  used  for  the  Jackhammer 
teats  was  used  for  the  remaining  "Sonic"  drill  testa.  Power 
consumption  figux'^ea  are  accurate  to  ^50  watts  since  1  mm  on  the 
recorder  tape  represented  125  watta  of  powei’.  Total  power  consumption, 
as  recorded,  varied  by  as  much  as  200  watts  during  some  tests.  In 
these  cases  an  approximate  average  for  the  run  was  taken  as  the 
test  result.  Somewhat  erratic  drilling  rates  were  noted  in  tests 
2  through  9.  These  runs  were  repeated  as  tests  22  through  29  after 
the  other  testa  had  been  ruii.  In  tests  22  through  29,  the  runs 
were  made  in  pairs  with  the  first  run  of  each  pair  (22,  24,  26,  and 
28)  run  in  a  new  hole,  while  the  second  run  of  each  pair  was  run  In 
the  same  hole  as  the  previous  run.  A  study  of  the  results  shows  a 
decrease  in  drilling  rate  with  an  increase  in  hole  depth.  This 
is  attributed  to  two  factors,  (1)  the  poor  cleaning  action  of  the 
drag  bit  and  core  barrel,  and  (2)  the  difficulty  in  maintaining  a 
straight  hole.  It  was  found  that  when  the  hole  becomes  slightly 
crooked,  the  core  barrel  has  a  strong  tendency  to  bind.  As  previously 
mentioned,  the  diamond  bits  used  in  these  tests  were  the  same  ones 
used  in  a  previous  phase  of  this  same  job.  Before  the  present  tests 
were  begun,  these  bits  would  not  drill  Rush  Springs  Sandstone  by 
normal  rotary  drilling.  The  vlbratir^  action  of  the  Sonic"  drill 
seems  to  have  enabled  these  bits  to  drill  again.  This  same  action. 
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however j  caused  excessive  diamond  wear  in  Just  a  few  inches  of 
drilling.  (See  Figure  3).  Penetration  rates  did  not  differ 
appreciably  from  one  bit  to  another,  but  the  drag  bit  did  appear 
to  be  slightly  faster.  Wear  was  very  hard  on  the  diamond  bits 
especially  when  they  were  used  on  the  Harris  Qranlte.  Wear  was 
moderate  on  the  a-cone  bit  with  some  cone  interference  noted. 

Very  little  apparent  wear  was  noted  on  the  drag  bit  even  after 
drilling  on  the  Qranite.  Figures  1,  2,  3  and  4  show  the  condition 
of  the  hltB  at  tho  end  of  the  tests., 


ATTACH!  >'■'  : 

Table  I  -  Summary  Of  Results 

Figure  1  -  Drag  Bit  -  After  Testing 

Figure  2  -  Diamond  Gore  Bit  -  After  Testing 

Figure  3  ~  Diamond  Full-Hole  Bit  -  After  Testing 

Figure  4  -  Two  Cone  Bit  -  After  Testing 

CONCLUSIONS: 

The  ’’Sonic"  drill  operates  most  effectively  with  the  dreg  type  core 
bit  which  was  supplied  with  the  drill.  A  better  method  of  cuttings 
removal  would  help  the  performance  of  this  bit.  The  primary  draw¬ 
back  in  the  use  of  this  bit  is  the  necessity  of  maintaining  an 
absolutely  straight  hole.  Moderate  to  severe  wear  when  drilling 
Harris  Granite  make  the  other  three  bits  tested  Inadvisable  for 
use  with  this  drill.  In  all  cases  drilling  rates  achieved  with 
this  drill  are  relatively  slow.  This  type  of  drill  is  satisfactory 
in  any  case  where  rate  of  penetration  is  not  a  critical  factor. 


E.  P.  WORDEN,  METALLURGICAL  DEPARTMENT,  LABORATORY. 
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a'ABLE  I 

SUMMARY  OP  RESULTS 


Test' 

Number 

Bit  Type 

Rock  Type 

Load 

(Li) 

Drilling 

Rate 

Air 

Plow 

(CPM) 

Total 

Power 

(Watts) 

Power** 

For 

Drilling 

2 

Drag 

Rush  Springs 
Sandstone 

48.4 

3.20 

- 

875 

275 

3 

V 

ft 

II 

2.03 

m 

810 

210 

ii 

1 

tf 

n 

II 

1.56 

- 

810 

210 

5 

t1 

n 

n 

1.25 

810 

210 

6 

1) 

n 

98.4 

1.56 

1090 

490 

7 

V 

n 

n 

3.44 

1000 

400 

3 

It 

n 

II 

3.44 

- 

1120 

520 

9 

fi 

If 

11 

2,^2 

- 

1120 

520 

10 

Diamond 

Core 

tl 

103.7 

2.50 

29.2 

94o 

340 

11 

ft 

n 

ft 

2.42 

28.5 

875 

275 

12 

Diamond 

Pull-Hole 

ft 

104.5 

1.80 

26.5 

875 

275 

13 

f1 

n 

n 

1.68 

26.6 

1000 

400 

14 

Two  Gone 

n 

52.8 

1.88 

27.6 

800 

200 

15 

ff 

n 

n 

2.34 

27.5 

800 

200 

16 

ft 

Harris  Granite 

It 

0.27 

27.6 

750 

150 

17 

Diamond 

Full-Hole 

11 

104.5 

0.70 

28.2 

1000 

400 

18 

ft 

« 

It 

0.59 

28  ..2 

1000 

400 

19 

Diamond 

Core 

It 

103.7 

0.63 

29.0 

1000 

400 

20 

Drag 

V 

48.4 

0.31 

~ 

725 

125 

21 

ft 

IT 

98.4 

0.63 

' 

1000 

400 

22 

It 

Rush  Springs 
Sandstone 

48.4 

1.95 

- 

- 

23 

II 

n 

1.17 

24 

n 

M 

n 

1.88 

25 

II 

II 

1.53 

- 

- 

26 

ft 

f1 

98.4 

2.34 

- 

— 

-• 

27 

n 

Tl 

1.64 

. 

28 

rt 

11 

ft 

2.03* 

29 

ft 

ft 

It 

1.09 

•» 

•• 

— 

♦Core  broke  out  during  or  at  the  end  of  this  test. 
•*No  load  power  consiiinptlon  =  600  Watt. 
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Drag  bit  si'-ter  testing.  This  bit  was  ne- 
C-.  1/  the  start  oT  this  series  of  bests. 


FIQUhE  1 


HUGHtlS  TOOL  COMPAffY 
HOUSTON,  TEXAS 


j:'iumo;id  cor-c  bit  after  teotlng.  This  bit 
vjtiS  used  px’evioucl;^  In  this  L.J.  series. 
For  condition  of  bib  at  e.vcrt  of  testing 
see  report  .L.J.  17530-2  dated  8-24-1960 , 
Figure  9. 
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HUGKK-S  TOOL  COMPANY 
}IOLISTON',  TKXAS 


Diamond  full  hole  bit  after  testing. 
This  bit  was  used  previously  in  this 
L.J.  series.  For  condition  of  bit  at 
start  of  present  tests  see  re’port  L.J. 
17530-2  dated  8-24-1960,  Figure  6. 
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Project  40081  -  64 
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Q.  0,  Atkinson 

SUBJECT; 

Lon  Bit  Load,  High  Rotary 
Speed  Drilling  Tests  On 

P,  0.  Reeve  (2) 

T.  N.  Williamson  (12) 

Gabbro. 

B’.  A.  HoCormlok 

REF. : 

Request  from  G.O.A., 

0.  R.  King 

J.  0.  Eenink 

9-8-60. 

J.  G.  Stephenson 

L.J.  17530-2 

INTRODUCTION; 

This  Job  is  o;ie  les  set  up  to  develop  a  moon  drilling  maoblneo 

Previous  tests  were  made  on  Berea  Sandstone <  Rush  Springs  Sandstone, 
Oray  Granite  and  Harris  Oranlte.  These  formations  may  or  may  not  be 
similar  to  the  type  formation  that  will  be  encountered  on  the  moon 
but  they  do  represent  a  rather  wide  range  of  dr  inability. 

A  sample  of  Oebbro^  1  ft.  x  1  ft.  x  4  ft.,  was  received  from  the  Jet 
Propulsion  Laboratory,  California  Institute  of  Technology,  for  this 
series  of  tests. 

OBJECT; 

The  object  of  this  Job  is  to  malce  drilling  tests  on  a  sample  of  dabbro 
from  the  Jet  Propulsion  Laboratories  using  the: 

1.  Ingereoll-Band  J  10  A  Jackhammer  and  a  3/4”  D. 
chisel  bit. 

2.  High  pressure  drilling  machine  and  an  EX  full 
hole  diamond  bit,  a  l''l/4''  2-oone  bit  and  a 
3/4"  D.  Ruska  diamond  core  bit. 

EQUIPMENT; 

Q?he  drilling  equipment  and  general  test  procedure  used  during  this 
series  of  tests  were  the  same  as  that  used  on  previous  moon  drilling 
Jobs  performed  by  this  section. 

The  EX  full  hole  diamond  bit  furnished  for  these  tests  contained  a 
smaller  size  of  diamond  particles  than  the  full  hole  diamond  bit 
previously  tested* 
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A  3/4"  I),  diamond  cox‘e  bit  of  the  type  used  in  conjunction  with  the 
Laboratory  permeamecer  was  used  during  these  tests  also.  The  3/^” 

D,  core  bit  was  made  by  Ruska  Instruments  Company  for  the  preparation 
of  rock  samples  for  permeability  determinations.  The  cutting  head 
of  the  bit  consisted  of  a  diamond  impregnated  ring  brazed  onto  the 
core  barrel.  The  diamond  particle  size  in  the  3/4"  bit  was  very 
small  in  comparison  to  the  particles  in  the  JSX  bit  mentioned  above, 

TEST  CONDITIONS : 

J  10  A  jackhammer; 

Bit  size:  3/4"  D.  chisel  point 

Operating  gas;  air 

aas  flow  rate:  .15^  20,  25  and  30  GFM.  aoDroxlmatsly . 

(70“P,  14.7  PSI/i) 

Bit  load:  Minimum  amount  of  manually  applied  load 

required  to  hold  the  drill  iji  the  hole, 

10'15  pounds  estimated. 

High  pressure  driliirjg  machine  with  EX  diamond  bit: 

Rotary  speed:  1140  RPM 

Bit  load:  6o  lbs. 

Circulatlngi  fluid:  air 

Circulating  rate:  30  CFM,  approximately,  (7’0®P,  14.7  PSIA) 

Test  conditions  used  with  the  1-1/4"  2-cone  bit  and  the  3/4"  D. 
diamond  core  bit  viere  essentially  the  same  as  those  used  with  the 
EX  diamond  bit  except  that  a  bit  load  of  33  pounds  was  used  during 
part  of  the  tests  v;j.th  the  3/4"  D.  core  bit.  A  bit  load  of  33  pounds 
was  the  lov/est  value  of  bit  load  obtainable  using  the  existing  core 
holders . 

RESULTS: 

The  results  of  tests  on  Qabfaro  using  the  Jackhammer  are  listed  in 
Table  I,  Drilling  rates  are  shown  in  Figure  1  at  the  various  flow 
rates  used.  Drilling  rate  appears  to  increase  linearly  with  Increases 
in  air  flow  rate  within  the  range  tasted. 

The  results  of  tests  using  the  EX  diamond  bit  are  listed  in  Table  II. 
Drilling  rates  were  very  low  and  bit  dulling  occurred  quickly.  After 
drllllrig  a  depth  of  1-19/32”  in  the  Qabbro  the  diamonds  were  worn 
flat  and  the  bit  was  considered  worn  out. 

Two  Intervals  of  depth  were  drilled  in  the  Qabbro  using  a  1-1/4" 

2-'Cone  bit.  Interval  luamber  one  was  drilled  using  a  set  of  hard 
formation  cones  and  resulted  in  a  drilling  rate  of  0.01  ft/hr „  On 
the  following  Interval  the  hard  formation  cones  were  replaced  with 
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a  set  of  standard  cones  vihich  resulted  In  a  drilling  rate  of  0.04 
ft/hr o  The  result  of  this  teat  is  listed  In  Table  III. 

The  results  of  tests  using  the  3/^"  D.  core  bit  are  listed  in  Table 
IV.  Tests  were  made  on  Rush  Springs  Sandstone,  Berea  Sandstone, 

Gray  Granite  and  Gabbro. 

Photographs  of  the  EX  diamond  bit  wer-e  taken  prior  to  its  use  in 
a  drilling  test  and  after  becoming  worn  to  the  extent  that  it  was 
no  longer  usable.  Tlie  photographs  are  shown  in  Figures  2  and  3. 

Also  shovm  in  Figure  3  v/lth  the  worn  EX  bit  are  the  set  of  hard 
formation  cones  and  the  3/^*'  D.  core  bit  used  during  the  tests. 

The  liorsepower  determinations  listed  in  Tables  II,  III  and  IV  are 
approximate.  The  analyser  used  in  the  horsepower  determination 
vuas  not  sensitive  enough  to  aceurfstely  Indlcete  the  small  difference 
between  the  loaded  aiid  unloaded  conditions  of  the  bit. 
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Table  I 


Pcsulte  Of  Jackhammer  Teats  On  Gebbro 


Table  11  '■  Results  Of  Drilling  Tests  On  Oabbro  Using  An  EX 

Full  Hole  Diamond  Bit 


Table  ,111  Results  Of  Drilling  Tests  Using  /  1-1/4"  2-Ccne  Bit 


Table  IV  -  Results  Of  Drilling  Tests  With  A  3/4"  D.  Ruska 
Diamond  lore  Bit 

Figure  1  “  Effect  Of  Jackhammer  Air  Consumpt-lon  On  Drilling 

Rate  Of  C-abbro 


Figure  2  -  View  Of  Gutting  Head  Of  EX  Diamond  Bit  Showing 

Sharpness  Of  Diamonds  Before  Testing 

Figure  3  -  EX  Diamond  Bit,  3/4"  Diamond  Bit,  and  1-1/4"  Hard 

Formation  Cones  After  Testing 


CONCLUSIONS ; 

1.  The  EX  full  hole  diamond  bit  penetratied  the  Gabbro 
at  an  unsatisfactory  rate  and  became  dull  after 
drilling  to  a  depth  of  1-19/32". 

2.  The  3/4"  core  bit  produced  unsatisfactory  drilling 
rates  also.  Dulling  did  not  appear  to  be  a  problem 
but  the  rate  of  wear  on  the  cutting  head  was  excessive 
during  tests  on  Gray  Granite  and  Gabbro. 
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3.  Drilling  rates  resulting  from  tests  on  Qabbro  with 
a  1-1/4  2-cone  bit  were  extremely  low. 

4.  Drilling  rates  produced  by  the  Ingeraoll-Rand  J  10  A 
Jackhammer  varied  from  8.2  to  38.3  ft/hr  at  air  flow 
rates  of  13.3  to  28.4  CPM. 


J.  a.  STEPHENSON 
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TABLE  I 

Reaulta  Of  Jackhammer  Tests  On  Qabbro 


Bit:  3/^"  Chisel  Steel 

Jackhaiumer;  Ir  j'^rsoll-Rand  J  10  A 

Operating  Gas ;  Air 


Test 

Drilling 

Air  Flow 

Air  Pres. 

Lbs.  Gas 

Pt-3  Gas 

k 

Rate 

Rate  Cor. 

Recorded 

Pei'  Inch 

Per  Inch 

Hole 

(1) 

To  STP.  (2^ 

At  Jack- 

Of  Hole 

Of  Hole 

No. 

Ft/ Hr 

GFM 

Hammer 

Depth 

Depth  (2) 

i  1 

■3HTJ 

2B-.4 

-■"-oTSB - 

1  2 

—  (3) 

27.7 

55 

— 

33.8 

_ 27-.7 _ 

_ .  -  - 

_()_^3„o _ 

3 '95 

i 

23-9 

22 .  b 

*  ”45 — 

!  0.3b 

1  5 

26.0 

.  -  _ 

46 

I  .  'Lja _ 1 

4.^0 

1  ^ 

"TT-n — 
18 . 4 

-  - 

35 - ^ 

oT3J 

*^.37 - 

Ljl_ 

18.2 

.  J5 . 

0^ _ 

_ _ 

S' 

- UTS - 

- 133 - ^ 

24 

'JTUd - 

“8:(5o — 

8.2 

_ _ 

24 

0.60 

8.05 

To 

71.0 

X05 

-.-r 

11 

62,0 

-Li) _ 

102 

IW«'* 

(1)  Each  drilling  rate  was  obtained  by  drilling  to  a  hole 
to  a  depth  of  approx.  5  inches, 

(2)  STP  -  70*P,  14.7  PSIA. 

(3)  Time  was  not  recorded  for  this  hole. 

(4)  Two  holes  were  drilled  with  large  I.O.  hose  and  without 
the  flow  measuring  equipment. 
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TABLE  II 

EesultB  Of  Drilling  Tests  On  Gatbro  UalnK 
- An  W  WII'  lbl'e  - 


Bit  Wt:  60  Lba. 

Rotary  Speed:  ll4o  RPM 


Test 

& 

Core 

No. 

Interval 
■No . 

Air 

Plow 

CPM 

STP.- 

Av.  Rotary  Drive  H.P. 

Depth 

Drilled 

In. 

Drilling 

Rate 

Pt/Hr 

Loaded 

Idyllrg 

1 

29,4 

— 

— 

5/16 

1.37 

2 

29.4 

3.7 

• 

19/64 

0.61 

3 

29.4 

3.7 

3.3 

17/64 

4 

29.4 

3.3 

3.3 

7/32 

0.26 

5 

29.4 

3.2 

3.0 

13/64 

0.35 

2 

I')!'* 

21.0 

3.7 

— 

1/4 

0.09 

2 

21.6 

3.3 

3/64 

0.01 

*Alr  flow  rates  were  corrected  to  70* P,  1^.7  PSIA, 
•♦Interval  drilled  to  set  concave  bit  face  to  rock. 
♦♦♦Interval  time  was  not  recorded. 
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TABLE  III 

Results  Of  Drilling  Tests  Uslnp;  A  1-1/4" 
- ... - - - — 


Formation ; 

Bit  Load: 

Rotary  Speed: 
Circu.l.at;ln,5  Fluid  : 


Qabbro 
6o  Lbs . 
.1140  RPM 
Air 


"Xivcerval 

Air 

Av,  liotax’y 

Orive  ILP. 

“CepTh 

’Orililng 

No. 

No.. 

Flow 

Drilled 

Rate 

CFM 

Loaded 

Idyllng 

In,, 

Pt/Hr 

STP."' 

Hard  Fox~ma.tion  Cone  a 


6 

1 

<“9  ■  4 

3.7 

2.7 

1/32 

0.01 

Standard  Cones 

6 

29 « 4 

^  ,2 

2/,^ 

5/64 

0.04 

*Air  flow  rates  were  corrected  to  70" F,  14„7  PSIA. 
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TABLE  IV 

Beaulta  Of  PclXlAng  Teste  With  A  3/4"  D, 
'  ^uaka  Diamond  Pore  Sit 


Bit  Load:  6o  Lbs.  Av.  Motor  H.?.  (6o  Lbs,  Load):  3»^ 

Rotary  Speed:  1140  RPM  Av.  Motor  H.?.  (33  Lbs,  Load):  3«1 

Motor  H.P.  (No  Load):  2.7 


Test 

No. 

Formation 

Interval 

No. 

ITIr - 

Plow 

CPM 

"-DSptK — 
Drilled 
In. 

n^^HTIng'” 

Hate 

Pt/Hr 

3 

Rush 

Springs 

Sandstone 

1 

2.9 . 

l.~l/2 

0.7.3 

' 

0.006 

ii 

Berea 

Sandstone 

1 

2.9  J! 

1-7/16 

0.92 

0.007 

5 

Gray 

Granite 

29. 

1-9/32 

■ 

0.21 

0.021 

Y** 

Gabbro 

1 

2 

3 

29.4 
29. -4 
23.1 

9/64 

5/32 

l-3/6il 

m 

.021 

8** 

i  _  ... 

Oabbro 

j 

1 

23.1 

31/32 

0.16 

.021 

“•Air  Flow  rates  were  corrected  to  70"P,  14.7  PSIA, 
<^*Bit  load  33  Lbs. 
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